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1 ABSTRACT 
Spray drying is a widely used method for drying biological materials such as 
bovine blood plasma. Enzyme inactivation may be used as an index for assessing 
the denaturation of other proteins such as immunoglobulins, or propenies which 
are related to this process such as the solubility of the spray dried powders. The 
fact that the enzyme lactate dehydrogenase (LDH) is present in bovine plasma in 
significant amounts combined with its suitable heat stability may make it 
appropriate as an index for predicting other quality characteristics. 
The kinetics and thermodynamics of the heat inactivation of LDH were 
studied in solution and spray drying experiments. The solubility of the spray 
dried powders was studied on the basis of soluble nitrogen. SDS-polyacrylamide 
gel electrophoresis was used to provide qualitative information on the 
conformational changes of plasma proteins during spray drying. 
The z value of LDH inactivation during heating in solution was calculated. A 
pseudo z value for spray drying was calculated as well. The results from both 
kinds of experiments were treated according to the theory of the absolute reaction 
rates and the free energy increase was calculated to be about lOOkJ/mol; a value 
characteristic of protein denaturation. It was also found that the powders were 
completely soluble at lower outlet air temperatures and showed an increasing 
insolubility at higher temperatures. It seemed that the high destruction of LDH 
activity at higher temperatures was associated with denaturation of other proteins 
and powder insolubility. The electrophoretic patterns of raw and spray dried 
plasma showed that protein conformational changes take place during spray 
drying. There was appearance of new components which seemed to be 
high-molecular weight protein aggregates. In addition, there was evidence that 
these changes may be not extensive at lower drying temperatures and thus they 
were in agreement with the low rates of LDH activity destruction and the 100% 
solubility of the powders at lower temperatures. 
2 LITERATURE REVIEW 
2.1 Bovine blood plasma 
2.1.11ntroduction 
Blood is a . solution of proteins (17%) and low molecular weight 
compounds. It represents about 3.5% of the live animals and the total available 
quantity is enormous (Ranken, 1977). The world figure is estimated at 5x IOs 
tons p.a. (Eriksson and Bockelmann, 1975). 
There are many applications of animal blood in the food, feed, medical, 
industrial and fertilizer areas. Some of these are shown in Table 2.1.1. 
Table 2.1.1. Uses of animal blood (Ockerman and Hansen, 1988) 
Food Emulsifier. stabilizer, clarifier, colour additive, nutritional component 
Feed Lysine supplement, vitamin stabilizer, milk substitute, nutritional 
component 
Fertilizer Seed coating, soil pH stabilizer, mineral components 
Laboratory Tissue·culture media, tannin analysis, active carbon, haemin, blood 
agar. peptones, glycerophosphates, albumins, globulins, 
sphingomyelins, catalase 
Medicine Agglutination tests, immunoglobulins, fractionation techniques, blood 
cloning factors, sutures. fibrinogen, fibrinolysin, fibrin products, 
serotonin. kalikre ins. plasminogen. plasma extenders 
Industry Adhesive. resin extender. finishes for leather and textiles. insecticide 
spray adjuncts. egg albumin substitute. foam fire extinguisher. ~ous 
concrete. ceramic and plastic manufacturer. plastic and cosmellC base 
formulations 
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So far, blood has been considered as a waste product and used only as 
livestock feed. However, there is now an increasing use of blood in food because 
of the high nutritive value and excellent functional properties of its proteins. For 
aesthetic reasons the use of whole blood in food is declining (black puddings in 
the UK), while converted blood products is a growing area. Blood is used in 
food for protein supplementation, clarification (wine), stabilization (cheese), 
emulsification (butter), as a textured meat protein and as a colouring agent for 
meat (especially poultry) itenis. Blood albumin (spray dried serum) has been 
------------------~---------------------------------------- .. ----
used as a substitute for egg albumin in sausages and bread flour (Ranken, 1977), 
(Graham, 1978), (Young, 1978), (Wismer-Pedersen, 1979), (Gunstone, 1980), 
(Ockerman and Hansen, 1988). 
There are many other studies for using blood proteins in food. For instance, 
Seideman et al (1978) attempted to use plasma and textured soy proteins in 
ground beef formulations and Knapp et al (1977) investigated cheese-like 
emulsions from blood proteins and whey solids. 
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Two forms of blood are used in livestock feeding: blood with the minimum of 
preliminary treatment (where its nutritional value is high) andlpredominantlYl 
blood as blood meal. Production of the blood meal includes cooking the blood, 
expressing the excess water and drying to obtain a powdered or granular product 
Blood meal is deficient in the aminoacids tryptophan and isoleucine but on the 
other hand is a rich source of lysine. Lysine content varies with the method of 
drying, from 10-12% with spray drying to 6-8% with vat drying. With flash 
drying, the biologicalavClilbility of lysine is increased in the dried meal. Blood 
meal is also a useful stabilizer for fat in bone meal and a rich source of the trace 
minerals (Ranken, 1980), (Ockerman and Hansen, 1988). 
There are many applications of blood products in the laboratory such as a 
nutri ent for culture media and as an ingredient in some agars for bacteriological 
use. Other components are used in chemical analysis or as nutritive supplements. 
Other applications include use of modified components in the biological assay of 
heparin and preparation of standard solutions for calibration of instruments in 
haemotology. Blood plasma has also been used as diluent for semen from boars 
and bulls. 
The special rheological propenies of the blood proteins are directly exploited 
in aerated concrete, foam fire extinguishers and adhesives. Other industrial uses 
include use in paper, lithograthic, plywood, veneering, fibre, plastics, glue, 
moulded ceramic products, leather finishers, stabilizer for biological materials 
and drugs and in insecticide and fungicide formulations. 
---------------------------------------------------------------- - - -
Dried whole blood has been used for long time as a nitrogenous fertilizer. 
Furthermore, it improves the soil structure and helps in humus formation. It is 
also used to coat seeds or to regulate the soil pH. A disadvantage of using blood 
in soil is that it attracts rats and vermin (Ranken, 1980), (Ockerman and Hansen, 
1988). 
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Blood products have also many applications in medicine. For instance, bovine 
plasma has been spray dried to obtain powders of important medical significance, 
e.g. plasma containing the blood-pressure regulating source, hypertensinogen, 
plasma containing globulins and their disease-fighting antibodies (Masters, 
1979). 
2.1.2 Blood collection 
All the methods used for blood collection, although they may differ in certain 
details, generally follow the same procedure. Blood must be collected under 
sanitary conditions to avoid bacterial contamination in the slaughterhouse. Only 
blood from healthy animals can be used for food use and therefore the identity of 
the blood must be known until the veterinarian inspection of the carcasses. 
The physiological condition of the animals before slaughtering may be also an 
important factor. Excitement or exhaustion can cause an increased level of 
bacteria in the blood. 
The majority of animals are slaughtered by the use of captive bolt and the 
blood is then drained using a hollow knife system (Graham, 1978), 
(Wismer-Pedersen, 1979), (Gunstone, 1980), (Ranken, 1980), (Hill, 1986). 
2.1.3 Separation processs 
The main fractions into which whole blood may be separated are shown in 
Figure 2.1.1. 
---------------------------------------------
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Figure 2.1.1. Blood fractions (Ranken, 1980). 
When blood is drawn out of the animal, it coagulates or clots by the normal 
process which operates in the live animal. The platelets release enzymes which 
react with the fibrinogen to form fibrin. Fibrin then precipitates as a fine mesh 
which entraps cellular elements to form the blood clot. The clotted material can 
be removed from the remaining serum by stirring the whole blood rapidly with a 
stirrer. This process operates easily ori the small scale and is recommended for 
use under primitive conditions in the tropics. Defibrinated blood with whole 
blood is used in manufacturing black puddings in the UK. 
When blood is treated with an anticoagulant solution (1 % sodium citrate or 
phosphate) to prevent coagulation, the suspended cells may be separated in the. 
form of a thick paste (35-45%) by centrifugation. The remaining light 
straw-coloured fluid is called plasma (55-65%). 
The blood cells consist of cell wall material (stroma) and proteinaceous 
material which is almost all haemoglobin which can be separated into haem and 
globin fractions. Tybor et al (1970) developed a continuous pilot-scale process 
for obtaining globin proteins as white free flowing powders. The colour was 
removed by acetone extraction of the haem component, but the functionality of 
the powdered product was relatively low. 
Other processes are applied to the whole blood and aim to decolorise the 
haemoglobin in situ. Hydrogen peroxide or activated carbon may be used to 
5 
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decolorise the haemoglobin. Emulsification of the blood with fat and water or 
with milk gives a product with lightened colour (Gunstone, 1980), (Ranken, 
1980). 
2.1.4 Drying the plasma 
To maximize the storage and stability of plasma it must be in a solid form. 
6 
Processes have been developed to dry blood products without too much 
denaturing of the protein and include: drying the protein in a hot air stream, 
drying between two heated surfaces, drying of whole blood using air ring dryers, 
drying plasma on a bed of spheres at temperatures not exceeding 50·C and drying 
of whole blood using a fluidized bed. Spray dryers,which have been widely used 
to dry whole blood, plasma and plasma fractions, do not extensively denature the 
protein nor damage its functionality especially at low spray drying outlet 
temperatures (about 70·C) (Hill, 1986). 
The functionality of blood plasma proteins can also be largely retained by 
partial freeze drying or by ion exchange chromatography (Lawrie, 1985). 
2.1.5 Composition 
The composition of the main blood fractions is given in Table 2.1.2. The 
figures shown are average values and there are certain fluctuations (small) among 
the different animal species. Differences are also found due to different 
efficiencies of separation of the fractions. 
The addition of anticoagulant solutions during the processing of plasma means 
that the products will contain larger quantities of salts than these indicated in 
Table 2.1.2. 
Table 2.1.2. Composition (%) of blood fractions (Ranken, 1980) 
Component Whole Serum 
blood (66% of 
whole 
blood) 
Water 80.8 91.2 
Salts 0.9 0.8 
Fats 0.2 0.1 
Other 1.1 0.4 
substances 
Proteins 17.0 7.5 
Albumin 2.2 3.3 
Fibrinogen 0.3 
Globulin 2.8 4.2 
Stroma 1.7 
Haemoglobin 10.0 
A typical dried blood plasma consists of: 
Water. 
Protein 
Salts 
Fats 
Others 
Plasma Red cell 
(60% of concentrate (34% 
whole of whole blood) 
blood) 
90.8 60.8 
0.8 1.1 
0.1 0.4 
0.4 2.6 
7.9 35.1 
3.3 
0.4 
4.2 
5.1 
30.0 
7.0% 
71.9% 
7.3% from the blood plasma 
9.2% from anticoagulant 
1.0% 
3.6% 
Haemoglobin consists of 94% globin and 6% haem which contains 9% of iron. 
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Apart from the small differences in proximate composition of blood from 
different animal species there are also significant differences in the exact 
constitution of the proteins, between species and even between individual 
animals. In serum and plasma may be found up to 7 different globulins of the a-, 
~-, and y- types. Blood proteins can be separated by electrophoresis or 
chromatography, or possibly on the industrial scale by fractional precipitation 
8 
(Ranken, 1980). 
The characteristics of human plasma proteins are given in Table 2.1.3 (Whitby 
et ai, 1975). 
2.1.6 Plasma enzyme measurements 
2.1.6.1 Introduction 
Many enzyme activities can nonnally be detected in blood. In clinical 
enzymology, enzyme activity measurements are used as an index in order to 
establish the diagnosis of a particular disease. In the food technology area the 
estimation of the enzyme inactivation during heat processing of food-stuffs can 
be used as an index for assessing the denaturation of other proteins or 
bacteriological species. 
The enzyme lactate dehydrogenase (LDH) is present in human blood and its 
activity measurement is widely used for diagnostic purposes e.g. very high 
activities are detected in the plasma of patients with megaloblastic anaemia. 
However for bovine plasma LDH no such applications exist. 
2.1.6.2 Lactate dehydrogenase, EC 1.1.1.27, (LDH) 
There are five distinct tetrameric fonns of LDH, which are called isoenzymes 
or isozymes. These quaternary structures catalyze the same reaction (see p.12), 
to different degrees, and may be fonned from only two different protein subunits 
referred to as H and M (fig. 2.1.2). These two polypeptide subunits combine to 
fonn two pure types of isoenzymes, H4 and M." and three hybrids, H3M, H2M2, 
HM3. The isoenzyme H. migrates most rapidly towards the anode and M. has the 
lowest electrophoretic mobility. The homogeneous tetramer of the M subunit 
(M.) predominates in sceletal and embryonic tissues and rapidly reduces pyruvate 
to lactate. The analogical tetramer of the H subunit (H.) predominates in heart 
,------------------------------------------------- -
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Schematic 
Slructu,"" ~ ~ ~ ~ ~ for LDH M M HM HH HH HH isoenzymes 
Structural M. M,H designation M,H, M,H, H, 
Figure 2.1.2. Possible subunit combinations for LDH isoenzymes. 
Table 2.1.3. Characteristics of human blood proteins (Whitby et ai, 1975) 
Protein Molecular Plasma Function 
weight concentration(gIl) 
PRE·ALBUMIN 60,000 0.3 Binds T, and T, 
ALBUMIN 69,000 40 Transpon. colloid 
oncotic pressure 
a,-GLOBULINS 
a,-antitrypsin 45,000 3.0 Antiproteinase 
a,-acid 
glycoprotein 
45,000 0.8 Unknown 
a,-GLOBULINS 
Gc globulin 50,000 Unknown 
Ceruloplasmin 160,000 0.4 Copper transpon 
Haptoglobins 
Hp }-1 90,000 Binds 
Hp 2-1 Variable 1.2 haemoglobin 
Hp 2-2 Variable 
a,-macroglobulin 800,000 3.0 Transpon. 
antiproteinase 
~-GLOBULINS 
Transferrin 90,000 2.5 Iron ttanspon 
Hemopexin 80,000 1.0 Binds haem 
~,c-globulin (C,) 185,000 1.2 Components of 
~'E-g1obulin (C.) 240,000 0.4 complement 
Plasminogen 140,000 0.7 Fibrinolysis 
Fibrinogen 350,000 4.0 Haemostasis 
"'(-GLOBULINS 
IgA 170,000 1.6 The main 
IgM 1,000,000 1.0 classes of 
IgG 160.000 10.0 antibody 
muscle and catalyzes the reduction of pyruvate to lactate at a lower rate. 
There is now evidence that the molecular structure of LDH is more 
was 
complicated than ittthought to be so far. A new isoenzyme has been found in 
testes and spermatozoa and in addition the five distinct isoenzymes have been 
resolved into subfractions (Worthington Biochemical Corporation, 1972), 
(Zapsalis, 1980). 
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The molecular weight ofLDH has been reponed as 140,000 (Barman, 1969), 
or 142,000 for enzyme from beef hean or rabbit muscle (Worthington 
Biochemical Corporation, 1972) or 135,000 (Whitby et aI, 1975). 
2.1.6.3 Enzyme assay for the determination of LDH activity 
2.1.6.3.11ntroduction 
The quantitative estimation of enzymes is based on measurements of their 
catalytic activity. An enzyme assay is carried out by pouring either a liquid 
sample or a cell extract into a solution which contains the enzyme's substrate. 
The assay conditions (concentration of the substrate, presence of coenzyme and 
its concentration, pH and buffer type) must be well defined at the assay 
temperature, since the measured activity depends upon these conditions. A 
temperature of 25'C is usually used for the assay. In an enzyme assay the 
conversion of the substrate to product can be estimated by measuring the 
disappearance of substrate or the appearance of product. Determination of the 
reactant or the product can be achieved by any analytical technique capable of 
detecting differences in the concentration levels. Monitoring methods include 
electrometric methods such as polarographic or potentiometric measurements, 
liquid or gas chromatography, densitometric assay of electrophoretic or thin-layer 
chromatographic separations, or spectrophotometric measurements in the visible 
or ultraviolet regions (250-750 nm). The most widely used enzyme assays often 
rely on spectrophotometric methods since at least one product or substrate in a 
reaction will absorb light at a particular wavelength (A.). Estimation of an 
. 
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enzyme activity is based on differences in light absorption at a specific A. 
(Zapsalis and Beck, 1985). The reduced form of nicotinamide-adenine 
dinucleotide (NADH) absorbs strongly at 340 nm, while the oxidized form 
(NAD+) has no absorption at this wavelength. The absorption spectra of the 
oxidized and reduced forms are shown in Figure 2.1.2. Therefore reactions 
involving the production or utilization of NADH can be assayed by this technique 
(Conn and Stumpf, 1972). 
Various units describing enzyme activity have been used, but the most popular 
designations are based on the International Unit (IU). One LU. defines the 
quantity of an enzyme required for the transformation of 1.0 JlM of a substrate to 
product under standard assay conditions (Zapsalis and Beck, 1985). For LDH a 
unit of activity is that which causes an initial rate of oxidation of 1 JlM ofNADH 
per minute under the conditions specified at 2S'C (Worthington Biochemical 
Corporation, 1972). 
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Figure 2.1.3. Absorption spectra of oxidized and reduced nicotinamide-adenine 
dinucleotides. 
. . 
2.1.6.3.2 Principle 
In the presence of L-lactate dehydrogenase pyruvate is reduced to lactate by 
nicotinamide-adenine dinucleotide. 
HO\ ,P HO ,;;0 d" ''et 
I + NADH + W = I + C=O HO-C-H 
I I 
CH3 CH3 
vyyuv<ue la.ctQ te 
The equilibrium of this reaction lies almost completely on the side of lactate 
(Zapsalis and Beck, 1985). 
The reduced form of NAD+ has the formula shown in Figure 2.1.4, where R 
equals the remainder of the NAD+ molecule. 
Figure 2.1.4. Reduced pyridine nucleotide molecule. 
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The structure shown is produced when the equivalent of one proton and two 
electrons have entered the pyridine ring. This may occur in a single step by the 
addition of a hybrid ion to the oxidized pyridine nucleotide at position 4, where 
the added hydrogen is known to enter the ring. This can be more readily pictured 
if we write a resonance form of oxidized NAD+ in which the carbon at position 4 
possesses the positive charge usually placed on the nitrogen atom (fig. 2.1.5). 
Figure 2.1.5. Reduction mechanism of NAD+. 
The proton, required to balance the reaction when a hybrid ion is removed 
from the substrate, is released in the solution. The reverse process takes place 
when the reduced form of NADH is oxidized (Conn and Stumpf, 1972). 
2.2 Spray drying 
2.2.11ntroduction 
13 
Many products are the direct result of drying or drying has been used in some 
stage of their processing. Drying is applied to materials in order to fulfill specific 
requirements which vary from product to product. For instance, materials which 
are due to be pressed, moulded or turned to pellets must have a particular 
moisture content and powders must have suitable moisture contents for 
preserving and packaging. Very often the cost of transportation of a product is 
connected to moisture content and one must take into account the cost of 
transporting moisture on the one hand and the cost of drying it on the other. 
The great number of products which have to be dried involve a wide variety of 
dryers. There are many suggestions to classify these and most of them are based 
on the following factors: 
1. The mechanism of heat transport from the drying gas to wet material. 
2. The way in which the material is supported in the dryer. 
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3. The pressure and temperature of operation (Keey, 1978). 
In Table 2.2.1 are presented some criteria which are most frequently used for 
dryer classification. 
Spray drying is one of the modern methods for convective drying of feed from 
a fluid state into a dried particulate form by spraying the feed into a hot drying 
. medium. It is an one-step continuous particle-processing operation involving 
drying. The feed can either be a solution, suspension or paste. The dry product is 
obtained in the form of powder, granules or agglomerates. The form of the 
product depends upon the physical and chemical properties of the feed and the 
dryer design and operation (Masters, 1979), (Strumillo and Kudra, 1986). 
Table 2.2.1. Criteria for drying classification (Strumillo and Kudra, 1986) 
Criterion of drying classification Example of dryer type 
Pressure in dryer Atmospheric and vacuum dryers 
Method of operation Continuous and batch dryers 
Method of heat supply Convective, contact, infrared, dielectric, 
sublimation dryers 
Type of drying medium Hot air, superheated steam, waste gases,liquid 
heat carriers 
Direction of heat and material Co-current, counter-current, cross flow 
flow 
Mode of drying medium flow With free or forced flow 
Method of moisture entrainment With outlet drying medium, with inert gas, by 
chemical absorption of moisture 
Form of wet material Liquids, granules, slurries, powder, paste-like 
material, sheets, thin layers 
Type of material flow With stationary material, with moving material, 
(hydrodynatnic conditions) with dispersed material 
Scale of operation From 10 kg/hrto 100 ton/hr 
Construction of dryer Tray, tunnel, band, rotary, drum, fluidized bed 
and many other dryers 
2.2.2 Applications of spray drying 
Spray drying is widely applied to all major industries varying from food and 
pharmaceutical manufacture to mineral ores and chemical processing. The 
extensive use of spray drying is apparent if someone simply considers common 
products of domestic life. 
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Many foodstuffs and home fittings have direct connections with spray drying. 
Instant coffee, coffee whitener, dried eggs, milk, soups, baby foods, condiments 
(garlic, pimento), flavouring compounds, rennet and ingredients in biscuits and 
cakes are foodstuffs with direct connections. Meat, vegetables and fresh fruit are 
foodstuffs with indirect connection. Meat is connected with spray drying because 
many animal feeds are based on spray dried components such as dried skim milk, 
whey or fat-enriched milk or proteins. Vegetables and fruit are connected to 
fertilizers and pesticides, which are spray dried products. 
Many household commodities have also connections with spray drying. 
Detergents, soaps, powder soaps, surface active agents and optical brighteners are 
spray drying products. Pharmaceuticals, cosmetics (face powders, lipsticks, etc), 
paints; electrical insulation materials, wall tiling, ferrite are also spray drying 
applications or spray drying has been used in some stage of their processing. 
More examples could be mentioned but it is already apparent that spray drying 
is extensively used and its equipment has the ability to meet a wide range of 
powder product requirements (Masters, 1979). 
2.2.3 Process units of spray drying 
2.2.3.1 Introduction 
Spray drying involves four basic unit processes: 
1. Atomization of feeds into droplets 
2. Droplets-air mixing 
3. Drying of droplets 
4. Separation of spray dried product 
These four stages are shown, by reference to an open-cycle, co-current spray 
dryer layout, in Figure 2.2.1. 
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The features of each stage are dependent upon the spray dryer's design and 
operation and together with the physical and chemical properties of the feed, 
determine the characteristics of the dried product. The homogeneity of the spray, 
the high rates of moisture evaporation and the large drop in the drying agent 
temperature means that the temperature of the dry product is lower than that of 
the outlet gas. This is why spray dryers are suitable for drying thermolabile 
materials (Masters, 1979), (StrumiUo and Kudra, 1986). 
DRYING 
::HAMBER 
----------- ----, 
illQL. 
PFIODU::':" 
RECOVER'r' ;.~o 
AIR CLEANI-.:G 
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Figure 2.2_1. Process stages of spray drying. 
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2.2.3.2 Atomization offeed into droplets 
Atomization of feed into small droplets and their direct contact with hot gas 
are the most characteristic features of spray drying. Atomization is accomplished 
by rotary or nozzle atomizers. 
Rotary atomizers: Atomization is accomplished by introducing feed centrally 
on to a rapidly rotating wheel or disc. Thus, the feed flows outwards over the 
surface and is discharged at high speeds from the periphery of the disc or wheel. 
The required characteristics of the final product can be obtained by manipulating 
the feed rate, the atomizer speed and atomizer design. It's apparent that 
centrifugal energy is utilized by this kind of atomizer. 
There are two categories of nozzle atomizers: pressure nozzles and two-fluid 
nozzles. 
NoM atomizers 
Pressure nozzles: Pressure nozzles accomplish atomization by forcing the 
feed under high pressure into a nozzle. Thus, the feed rotates within the nozzle 
and emerges as a cone-shaped spray from the nozzle orifice. Manipulation of the 
pressure and the orifice size gives control over the spray characteristics. Pressure 
affects not only the spray characteristics but the capacity as well. 
Pressure energy is utilized by this kind of atomizer. 
Two-fluid nozzles: Atomization is accomplished by passing the feed and the 
atomizing gas separately to the nozzle head. The gas rotates within the nozzle 
and contacts the feed within the nozzle or as it emerges from the orifice. 
Two-fluid nozzles are not suitable for high capacities since the resulting spray is 
not homogeneous. The main advantage of the two-fluid nozzles is that they 
operate at relatively low pressures and are suitable for handling thick pastes, filter 
,----------------------------- -- -
cakes and in general viscous materials. Two-fluid nozzles are often used in 
small-diameter pilot plant dryers in which the atomization conditions can be 
controlled (Masters, 1979), (Porter et ai, 1984). 
2.2.3.3 Droplets-gas mixing 
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The properties of the dried products are largely dependent upon the way in 
which the spray contacts the drying gas. Spray-gas flow patterns are determined 
by the relative position of the atomizer and gas inlet. The basic spray-gas flow 
patterns are shown in Figure 2.2.2. 
R PjAOCUCT AlA OVT cl===. ir70\\~CT 'N , , 
....... I \' /I~\ 
.IA PAODUCT 
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Figure 2.2.2. Patterns of droplet-gas flow in spray dryers. 
The co-current flow is a widely applied pattern, especially when thermolabile 
materials are involved. Evaporation is rapid, almost instantaneous, and the real , 
drying time is measured in seconds. Simultaneously the drying gas cools down. 
Heat degradation is avoided because most of the drying takes place when the 
surface droplet temperature approaches the wet-bulb temperature levels. When 
the desired moisture content is reached the temperature of the particles is again 
low since the panicle is in contact with cooler gas and the temperature of the 
material doesn't exceed the temperature of the final product (Masters, 1979), 
(Porter et ai, 1984), (Stummilo and Kudra, 1986). 
2.2.3.4 Drying of droplets 
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Drying of the spray is not a smooth, continuous process in which a single 
mechanism holds true throughout. Figure 2.2.3. illustrates the variation of drying 
rate against the moisture content. 
Drying r~te 
dWdt 
D 
C B 
EL-----------------
Moisture Content (V) 
Figure 2.2.3. The periods of drying. 
The section AB represents a warming-up period of the droplets. During this 
phase the droplet surface temperature increases slightly. The drying rate 
increases until heat is transferred to the evaporating surface through the 
droplet-gas interface and equilibrium is established. The time is measured in 
milliseconds. 
The section BC represents the constant rate period. Droplet surface remains 
saturated and its temperature is constant and approaches the wet-bulb temperature 
since heat is transferred by convection. 
The section CD represents the falling rate period. In this phase the critical 
point C (critical moisture) is reached and the falling rate period begins. This 
happens since the droplet surface can no longer be saturated by the moisture 
movement within the droplet. 
The section DE represents the second falling period. Evaporation rate still 
decreases until equilibrium is achieved between the moisture content of droplet 
and the drying gas (Masters, 1979), (Porter et ai, 1984). 
2.2.3.5 Separation of the productfrom the drying gas 
After drying is completed the drying gas and product are separated. This is 
achieved in two ways: 
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a) Separation takes place at the base of the drying chamber and only a small 
percentage of the product is recovered in external separation equipment, usually 
cyclones. 
b) All the product is separated in the external separation equipment(Masters, 
1979). 
2.2.4 Process layouts of spray drying 
A large number of different process layouts has been developed for drying a 
variety of materials with specific characteristics. 
Some common layouts are presented in Table 2.2.2 (Masters, 1979). 
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Table 2.2.2. Process layouts used in spray drying (Masters, 1979) 
Layout Drying medium/feed Heating Application 
Open cycle Air/aqueous Direct/ Generallayout,exhaust air to 
indirect atmosphere 
Closed cycle Inen gas/ non-aqueous Indirect Evaporation/recovery of solvents, 
(organic solvents) (liquid prevention of vapour emmisions, 
phase or elimination of explosion/rite rises 
steam) 
Semi-closed Air/aqueous Direct/ Improved thermal efficiency 
(panial indirect 
recycle) 
Handling active/odorous materials Semi-closed Air/aqueous Indirect 
(standard) that cannot contact products of 
combustion,elimination of 
atmospheric emissions 
Semi-closed Air with low 0, Direct Handling products that exhibit 
(self· content/aqueous powder explosion characteristics. 
inertizing) elimination of powder and odour 
emissions 
Two-stage Any of these layouts 
plus fluid bed. 
Improved powder properties. 
improved thermal efficiency 
agglomerator, flash 
dryer as after stage 
2.2.5 Heat and mass balances 
Heat and mass balances are drawn up for the dryer shown in Figure 2.2.4. 
G .. T." H." Y,. 
Q,,,, 
Figure 2.2A. Dryer data for heat and mass balances. 
Basis: 1 weight unit of dry solids 
Ms = weight units dry solids in feedlhr 
W SI = units of moisture/l unit of dry solids 
W S2 = units of moisture/l unit of dry solids 
TSI> T S2 = feed. product temperatures 
HSI> HS2 = feed. product enthalpies 
G. = weight units dry air/hr 
T'I' Taz = inlet.outlet temperatures 
H,I' Haz = inlet. outlet air enthalpies 
Y I> Y 2 = inlet. outlet air absolute humidities 
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For the calculation of enthalpies. the temperature of o'e is used as a reference 
temperature (To). 
Moisture balance 
Moisture entering in feed 
Moisture entering in inlet air 
Moisture leaving in dried solids 
Moisture leaving in outlet air 
= MsWsI 
=G,YI 
= MsWs2 
=G.Y2 
At steady-state flow conditions the mass of moisture which enters the dryer is 
equal to the moisture which exits the dryer. 
input = output (2.2.1) 
thus: 
MsWs/ + G.YI = MsWsz + G.Y2 (2.2.2) 
or 
Ms(Ws/ - WS2 ) = G.(Y2 - YI) (2.2.3) 
Heat balance 
Enthalpy of inlet air 
Enthalpy of feed 
Enthalpy of outlet air 
Enthalpy of dried solids 
=G.HaI 
= MsHsI 
=G,H02 
=M,H02 
Heat in = heat out + heat loss 
thus: 
G.H.I + MsHsl = G.Ha2 + MsHs2 + Or. 
where Or. = heat loss from the dryer 
The heat loss is given by the standard heat transfer equation: 
where 
Or. = h MT 
h = heat transer coefficient 
A = surface area 
Ll T = difference in temperatures 
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(2.2.4) 
(2.2.5) 
(2.2.6) 
The enthalpy of the feed Hs1 • is the sum of the enthalpy of the solids and the 
moisture as liquid. 
Thus: 
(2.2.7) 
where 
Cos = specific heat capacity of dry solids 
CW•1 = specific heat capacity of water as liquid 
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The same holds for the enthalpy of the dried product. 
The enthalpy of the humid air is the sum of the sensible heat of the air, 
c.(T - To), the latent heat of the vapors, Y'A., and the sensible heat of the vapours, 
Ycwv(T - To)· 
Thus: 
where 
C. = specific heat capacity of air 
Cw,v = specific heat capacity of water as vapours 
'A. = latent heat of vaporization of water at To 
(2.2.8) 
The minimum residence time of the particles is assumed to be the average 
residence time of the air and is given by the following equation: 
V 
't = -, G. 
G~" vollHV)e Ul')'ts dy~ alr I hI' 
't = residence time 
v = volume of dryer. 
2.3 Enzyme inactivation during heat processing 
2.3.11ntroduction 
Protein denaturation 
(2.2.9) 
When proteins are treated with acids, bases, reducing agents (e.g. 
~-mercaptoethanol, diothiothreitol), oxidizing agents, quanidine hydrochloride, 
urea, detergents or heat, their natural conformational structure is changed. 
Carboxyl groups of amino acid residues and peptide bonds are influenced by 
acids and bases. Disulphide bonds are broken and changed by reducing agents. 
Intramolecular hydrogen bonds might be broken by the high dipolar reagents urea 
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and guanidine hydrochloride. Intramolecular hydrophobic interactions are 
affected by detergents. Covalent and non-covalent changes are induced by heat. 
Denaturation is the process in which the natural protein conformation is turned 
into a randomly coiled structure with no biological activity. When the change is 
permanent then this process called irreversible denaturation and for some proteins 
under certain conditions denaturation can be reversible. 
The pancreatic enzyme ribonuclease A is an example of reversible 
denaturation. Its four disulphide linkages are reduced by ~-mercaptoethanol in 
the presence of guanidine and urea to give a random coiled structure (fig. 2.3.1). 
When the denaturating agents are removed its original structure and most of its 
catalytic activity are reestablished. This provides some evidence that the natural 
form of the enzyme is a thermodynamically preferred form (Zapsalis, 1980). 
t 
OxidRtion in air 
Sat h'e 
entymatically 
actIve form of 
ribonuclease A 
cS 
I 
g M urea and 
~-mercaptoethanol 
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and 
2-mercaptoethanol 
I 
SH 
:0 SH 
SS 
65 SH 
. - H H 
84 SH 
1100("'"-___ _ 
HS 
HS 95 Denatured entymatically 
inactl\'e form of 
ribonuclease A 
Figure 2.3.1. Denaturation and renaturation of ribonuclease A 
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Protein denaturation by heat 
Food can be preserved by heat processing. Heat treatment serves to reduce the 
concentration of deteriorative, pathological or toxic microorganisms in the food. 
On the other hand blanching of vegetables and fruits serves to denature natural 
deteriorative enzymes. 
When heat is applied to foods, it may denature enzymes to some extent. The 
inactivation of enzymes has two characteristic advantages. Firstly, inactivation 
of enzymes preserves the quality of foods since the enzyme activity is related to 
quality in many foods (table 2.3.1). Secondly, denaturation of enzymes which 
are essential for maintaining the life of microorganisms helps in +heirdestruction. 
Heat can be offered in two fonns: as dry heat or as moist heat (e.g. steam under 
pressure). Moist heat is more effective because it rapidly coagulates proteins 
while dry heat is based on the oxidation of native proteins. 
Many factors influence the heat resistance of microorganisms and thus the 
heat process required for having a good final product. Some of them are: pH of 
the food, ionic strength, viscosity, presence of lipids, presence of osmotically 
active substances (salt, sugar) and many others (Brennan et ai, 1976), (Zapsalis, 
1980). 
-------------------------------------- -- -
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Table 2.3.1. Enzyme activity and quality of foods (Adams, 1991) 
Quality Enzyme Reaction catalysed Perceived quality 
attribute change 
changed 
Flavour Lipase/phospholipase Lipid hydrolysis Soapy/rancid (dairy 
products) 
Lipoxygenase Lipid oxidation Rancid/bitter (soybean) 
Thioglucosidase Glucosinolate hydrolysis Mustard/bitter 
(brassicas) 
Alliin Lyase Alkyl cysteine sulphoxide Onion/garlic aroma, 
cleavage bitter (alliums) 
Superoxide dismutaSe Superoxide anion radical Increased stability to 
dismutation oxidation (milk) 
Sulphydryl oxidase Thiol oxidation Elimination of cooked 
flavours (milk) 
Naringinase Naringin hydrolysis Debittering (citrus 
fruits) 
Colour Polyphenol oxidase Phenol oxidation Browning (fruits, 
vegetables) 
Lipoxygenase Pigment co-oxidation Decolorization (bread, 
vegetables) 
Aliin lyase Alkyl cysteine sulphoxide 
cleavage, then non-enzymatic 
reactions with carbonyl 
Pinking (onions) 
compounds 
Metmyoglobin reductase Metmyoglobin reduction Maintenance of red 
colour (raw meats) 
Texture Amylase Starch hydrolysis Viscosity reduction 
(corn syrup), Stickiness 
(bread) 
Pectinesterase Pectin hydrolysis to pectic acid Firming(vegetables), 
and methanol Loss of cloud and 
gelation (citrus juices) 
Pectate hydrolase Pectic acid hydrolysis Softening (fruits, 
vegetables) 
Protease Protein hydrolysis Softening (meat, 
cheese) 
2.3.2 Enzyme kinetics in spray drying 
2.3.2.1 Enzyme inactivation kinetics 
The destruction of the enzyme activity by heat is assumed to have a 
logarithmic order and that the destruction rate is directly proportional to the 
enzyme activity (first order reaction). The rate of destruction is given by the 
following equation: 
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dN 
dt = -kN 
(2.3.1) 
where 
N = activity at time t 
k = rate constant 
Integration of the eq. 2.3.1. between t=O and t=t gives: 
where No = initial activity 
No In- = kt 
N 
(2.3.2) 
For t=D, where D is a constant called decimal reduction time and is the time 
needed for a ID-fold decrease in activity, eq. 2.3.2 gives: 
k = 
From eq. 2.3.2. and 2.3.3. 
In 10 
D = 
2.303 
D 
(2.3.3) 
. I 
I 
i 
I 
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N 
In- = 
No 
t 
-2.303
D 
(2.3.4) 
See Figure 2.3.2. 
LogNo 
Logarithm of 
enzyme activity 
at time t 
t I'" -D-
Time (t' 
Figure 2.3.2. The relationship between the enzyme activity and the time of 
heating at a constant temperature. 
The decimal reduction time depends on temperature, medium, previous 
history and kind of enzyme. 
It is apparent from eq. 2.3.4. that N becomes zero when t becomes infinite 
and therefore it is impossible to eliminate all the enzyme activity. Usually the 
activity of an enzyme (or the concentration of a microorganism) in a product 
should be reduced below a cenain value N \ in order to be acceptable 
commercially. For microorganisms this is called 'commercial sterility'. Thus: 
m=log NJN\ 
where the quantity m is called the reduction exponent since, for m=4 the process 
reduces the enzyme activity or the spore concentration by a factor Ht. 
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When a suspension of enzymes or bacterial spores of the same heat resistance 
is treated with a uniform temperature which varies with time then eq. 2.3.4. 
gives: 
where Nr = activity at t=tr 
For commercial acceptability: 
N log....l 
No 
N log....l 
No = -r~ o 
or f1dt - > m D -
o 
The left hand side of the inequality is calculated graphically (fig.2.3.3) . 
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Figure 2.3.3. The evaluation of the integral in eq. 2.3.6. 
(2.3.5) 
(2.3.6) 
The variation of the decimal reduction time (D) with temperature is known 
from experimental data. 
B ut the reduction time can be expressed as a function of temperature by an 
empirical relationship in which the logarithm of the decimal reduction time is a 
linear function of temperature (fig. 2.3.4). 
Log D 
\ 1 I 
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Figure 2.3.4. Variation of decimal reduction time with temperature. 
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If the decimal reduction time at some reference temperature,e, is De, then the 
decimal reduction time, D, at temperature T is given by: 
log D/De = - (T - e)/z 
where z is the number of degrees Celsius required to produce a ID-fold reduction 
in the decimal reduction time. 
Thus, eq. 2.3.6 gives: 
I f't L:....! 
- 1O'dt2:m 
De 
o 
where L = 10 (T· avz • 
or I'Ldt 2: mDe 
o 
(2.3.7) 
Again the left hand side of the inequality must be calculated graphically 
(Brennan et ai, 1976), (Zapsalis, 1980). 
32 
2.3.2.2 Mathematical modelling of enzyme inactivation during spray 
drying 
As mentioned earlier, the destruction of the enzyme activity is assumed to be a 
first order reaction. 
The rate constant (k) is a function of temperature and this dependence can be 
expressed by the Arrhenius equation: 
k = Aexp(-EJRT) 
where 
or 
A = Arrhenius constant 
Ea = activation energy 
R = gas constant 
T = absolute temperature 
The activation energy can be calculated from a plot of Ink against I/f: 
Ink = InA - EJRT 
Ea = (T\T2) (k2) R T2-T\ In k\ 
From eq. 2.3.2 and 2.3.9 
(2.3.8) 
(2.3.9) 
(2.3.10) 
No Ea 
lnln-
N 
= lnA - - + lnt RT 
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(2.3.11) 
If the residence time in the dryer is constant and the destruction of the activity is 
a function of the dryer outlet temperature, then eq. 2.3.11 gives: 
A' - (2.3.12) 
where A' = lnAt 
Equation 2.3.12 represents a straight line and the activation energy Ea can be 
calculated by its slope. 
According to the theory of the absolute reaction rates of Eyring (1935) and 
Eyring and Steam (1939): 
where 
Keq = eqUilibrium constant 
t.O" = free energy of activation 
and 
where 
Kb = Boltzman' s constant 
= 1.38066xW-23 J[K 
h = Planck's constant 
= 6.62618xlO"34 J s 
It is known that: 
k = 
(2.3.13) 
(2.3.14) 
------------------------------------- --
I!.G' = I!.H' - TI!.S' 
and 
I!.H' = E - RT - E a. a. 
where M!' and I!.S' are the changes in enthalpy and entropy of activation. 
respectively. 
2.3.3 Enzyme and bacteria destruction during spray drying 
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(2.3.15) 
(2.3.16) 
Spray drying is widely applied to materials for obtaining final products with 
specific requirements. Some products require the survival of biological activity 
e.g. nutritive components in drying of foods. specific components in production 
of medicines. drying of blood plasma and in some others the destruction of cell 
activity is desirable (bacteria in drying of foods). Thus. it is important to 
understand how heat denatures the proteins and how their functional properties 
are affected. 
The destruction of the enzymes and bacteria during spray drying is a function 
of temperature. time and their heat-resistance. 
Daemen and Stege (1982) studied the destruction of enzymes and bacteria in 
milk and whey during spray drying. They found that the destruction process is 
dependent upon the outlet air temperature and that it is affected only slightly by 
the inlet air temperature. They described this dependence on the outlet air 
temperature by introducing a pseudo z value. They defined as pseudo z value the 
number of degrees Celsius which are needed to produce a W-fold decrease in the 
enzyme activity. The pseudo z value can be calculated from plots like these 
shown in Figure 2.3.5. They calculated the pseudo z values for alkaline 
phospatase. Staphylococcus C13I and S. marcescens during spray drying of milk 
(TS about 30%) as 33-34'C. 15'C and W'C. respectively. They were not able to 
calculate an accurate pseudo z value for amylase because its inactivation was too 
small. They also investigated the effect of total solids content in the feed on the 
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destruction process but they were not able to draw clear conclusions since in 
some cases the destruction was increased as the TS content was increased and in 
some others the reverse held true. They also studied the effect of particle size, 
inclusion of air in the panicles and method of atomization on the destruction 
survlV1ng tlacter'IQ (*,.) 
reS,ClUQI actIVity i-f.) 
"1 10 ":! 
4 
3 
2 
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50 iO 90 ,,0 130 
outlet ail" temperature(·C) 
Figure 2.3.5. The residual activity (%) and the surviving bacteria (%) 
logarithmically plotted against the outlet air temperature. Total solids content is 
about 30 %. I = S. marcescens, 2 = Staphylococcus el31, 3 = phosphatase, 4 = 
amylase. 
process. Their plots of InlnNofN against the reciprocal absolute outlet 
temperature did not show straight or broken lines from which the activation 
energy could be calculated (fig. 2.3.6). 
Chopin et al (1977) also were not able to calculate the activation energy of 
Microbacterium lacticum and Escherichia coli. Their plot showed a sigmoid 
curve. 
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Daemen (1981) studied the thennoresistance of enzymes and bacteria in milk 
and whey during heating experiments of aqueous solutions. The influence of 
total solids content on heat resistance was also studied and they found that an 
increase in the total solids content had as a result an increased thennoresistance, 
., 
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Figure 2.3.6. Plot of InN.,IN of enzyme activity and number of bacteria versus 
1fr during spray drying of skim milk. I = S. marcescens, 2 = Staphylococcus C 
131, 3 = phosphatase, 4 = amylase. 
which was expressed by increased D and z values. For instance, they found for 
rennin heated in whey and whey powders with various TS content the following z 
values: TS 6.6%, z = 5.3'C; TS 4l.5%, z = 5.1'C; TS 80.4%, z = 7.5'C; TS 
84.8%, z = 9.7'C; TS 94.2%, Z = 2l.9'C. The free energy, enthalpy and entropy 
of activation of the destruction process were.calculated according to the Eyring 
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and Steam (1939) theory as well. They found that the change of free energy of 
activation appeared to be approximately constant and about 100 kJ/mol, a value 
characteristic of protein denaturation. 
An incorrect process was used by Labuza et al (1970) and Labuza et al (1972) 
for the calculation of activation energy of S. cerevisiae. They found that the plot 
InN/No against 1rr was a straight line and calculated the activation energy from 
its slope. This incorrect process was later corrected by Elizondo and Labuza 
(1974) who in an attempt to study the spray drying kinetics assumed that t=2 s 
(10% of the total residence time, t=20 s) and calculated the rate constant from eq. 
2.3.2 and from eq. 2.3.9 they calculated the activation energy (fig. 2.3.7). 
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Figure 2.3.7. Plot of Ink versus 1rr for spray drying of yeast 
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The time t=2 s is not an accurately measured figure but a theoretical one. It is 
known that the real drying time is measured in seconds and that most of the 
drying happens when the surface temperature approaches the wet-bulb 
temperature levels (constant rate period). The moisture content is rapidly 
decreased but there is simultaneously a drop in the drying air temperature and 
the particles are in contact with cooler air and therefore their temperature does 
not exceed the oudet air temperature. A decrease also in the moisture content 
results in an increased resistance to heat. 
Peri and De Cezari (1974) calculated the activation energy for S. cerevisae 
from eq. 2.3.12 (fig. 2.3.8). Both studies showed a break in the plots and the 
authors calculated two activation energies from the two straight lines as 14.20 
kcallmol and 1.05 kcaVmol in the temperature areas 70-S0'C and SO-10S-C, 
respectively. 
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Figure 2.3.S. Plot of InlnNofN versus 1([ for spray drying of yeast. 
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Elizondo and Labuza also calculated the thermodynamic quantities M!' and 
tJ.S· (1974) of the destruction process. The same studies were repeated in heating 
experiments of aqueous solutions and the respective quantities were calculated. 
They found that during spray drying there was a great reduction in activation 
energy (from 130 kca1lmol in heating experiments to 5 kcal/mol in drying 
experiments) accociated with a parallel reduction in entropy change in the 
negative area. They suggested that this drastic reduction could be explained by 
the compensation law. They calculated the following equation for the destruction 
of S. cerevisiae during heating in aqueous solutions and spray drying: 
tJ.S· = O.003Ml· - 0.251 (2.3.17) 
(where kJ is the unit for the expression of energy). 
Some authors e.g. Lumry and Rajender (1970) and Elizondo and Labuza 
(1974), consider that this linear correlation between tJ.S· and Ml' has a physical 
meaning and some others e.g. Banks (1972), that it is a mathematical artefact. 
This linear correlation is called the "compensation law" because a change of Ml' 
is "compensated" by a parallel change of tJ.S· so the third term in the equation can 
"remain" constant. Actually the third term is directly related to tJ.O'. 
Moulton (1970) calculated the following average equation for the destruction 
of enzymes in aqueous solutions with different solids content: 
tJ.S· = 0.OO31Ml· - 0.314 (2.3.18) 
Daemen (1981) calculated proportional equations for rennin and CBI during 
heating in aqueous solutions: 
rennin 
tJ.S· = 0.OO32Ml· - 0.3885 (2.3.19) 
tJ.S' = 0.0031Ml· - 0.331 (2.3.20) 
~-----------------------------------
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The thennodynamic quantities, kinetics and time-temperature data of enzyme 
denaturation during heat processing of foods can be used to develop 
mathematical models which can be used to estimate the residual activity of 
enzymes which are related to quality offoods (Adams, 1991). 
Daemen (1983) described a mathematical model of alkaline phosphatase 
inactivation during spray drying of milk and whey. The destruction process was 
considered as a function of the outlet air temperature, total solids content, 
presence of vacuoles in the particles, particle size and the diffusion coefficient of 
water. The whole model was based on a simulation model for heat and mass 
transfer in spray drying. 
2.3.4 Solubility of heat denatured proteins 
Proteins are chains of amino acids linked together and the confonnation and 
orientation of different groups govern the function of proteins. The hydrophilic 
groups are usually directed towards the aqueous surroundings and the 
hydrophobic groups have an internal orientation and so proteins are soluble in 
their natural state. 
When denaturation takes place disulphide bonds may be broken and the 
various groups or radicals may be attached to different ones. On the other hand 
new disulphide bonds may be fonned in different positions. Disruption of the 
natural state of proteins can expose hydrophobic groups resulting in insolubility 
or active groups may interact together leading to precipitation. 
There are many studies devoted to the solubility of heat-treated proteins of 
different materials. For example, the solubility of egg proteins heated at different 
temperatures and pH values was studied by Watanabe et al (1985). The 
solubility of whey concentrate proteins heated at different pH values in presence 
of different salts was studied by Varunsatian et al (1983). 
Hayashi and Kudo (1988) studied the solubility of spray dried milk as a 
function of particle size of the powder and solids content of the feed. 
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Hill (1986) investigated the solubility of spray dried bovine blood plasma 
(70-80'C outlet air temperature) at different pH values. concentrations and in the 
presence of sodium chloride and sucrose. 
Tybor et al (1975) studied the solubility (at different pH values) of spray dried 
plasma and globin at different inlet air temperatures. 160'C. 193'C but the same 
outlet air temperature. I07'C, with and without lactose. There was a 20% 
decrease in the solubility of plasma powder in comparison to the standard sample 
(raw lyophilized plasma) but the authors did not observe any differences between 
the different drying temperatures. They suggested that solubility is probably 
dependent upon the outlet and not the inlet air temperature. 
Solubility is an important characteristic of heat-treated proteins since their 
subsequent use depends on this property. For instance. insolubility of food 
products could lead to loss of nutritive components or of enzyme activity. 
Solubility is an especially important property of spray dried products e.g. milk. 
coffee. tea, fruit juices. etc and for these products an answer to the reconstitution 
problem is agglomeration (HinstantizationH process). 
2.4 Electrophoresis 
2.4.11ntroduction 
. Many important biological molecules such as amino acids. peptides, proteins. 
nucleic acids and polysaccharides possess a certain electrical charge when 
dissolved or dispersed in solution. In addition, molecules with a similar charge 
will have different charge/mass ratios because they have different molecular 
weights. 
These differences provide a sufficient basis for differential migration of the 
charged particles under the influence of an electric field. This motion is 
described by the term electrophoresis. 
Cations move to the cathode (-) and anions move to the anode (+). Their 
velocities are dependent upon the balance between the applied force of the 
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electrical field to the charged particles and the frictional resistance of the 
surrounding medium. Samples. which are going to be separated 
electrophoretically. must be dissolved or suspended in a buffer solution. The 
supponing medium is also saturated with buffer. This is accomplished for 
horizontal electrophoresis by using wicks dipped in buffer tanks (fig. 2.4.1). The 
electrodes are also dipped in the buffer tanks and electrolysis takes place. 
Compartments 
of buffer reservoir 
Supponing medium 
Insulating 
plate 
Figure 2.4.1. Horizontal electrophoresis unit. 
During electrolysis hydroxyl ions and hydrogen gas are produced at the 
cathode and hydrogen ions and oxygen gas at the anode. 
Cathode Anode 
2e· + 2HP ---> 20H" + Hz HzO ---> 2H+ + 1/2 Oz + 2e· 
At the cathode the hydroxyl ions react with protons which are furnished by 
the dissociation of the weak acid (HA). which is a component of the buffer 
solution. This results in the formation of more anions A· which conduct the 
current to the anode. At the anode the protons produced combine with the A" to 
form theundissociated weak acid HA and the electrons are fed into the electric 
circuit. 
Therefore. the current is conducted by both the sample and buffer ions in the 
part of the circuit between the electrodes and by electrons in the rest of the 
circuit. 
The buffer tanks are divided into two compartments which are connected by 
r---.,------------------- - -- -
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small slots or filter paper wicks or at their higher parts. The electrodes are dipped 
in the one compartment and the wicks, which keep the supporting medium 
saturated, in the other. Thus, the pH changes at the electrodes don't affect the 
buffer which saturates the supporting medium. 
The applied voltage is removed as soon as the first ions reach the electrodes 
and thus the charged species are separated according to their electrophoretic 
mobility. So, electrophoresis is an incomplete form of electrolysis. 
There are two kinds of electrophoresis called boundary and zone 
electrophoresis. 
Moving boundary electrophoresis was described by Tiselius in the 1920s and 
provided the basis for more recent electrophoretic methods. Tiselius showed that 
charged panicles dissolved in a liquid medium (electrolyte or buffer) were 
separated under the influence of an electric field. When there was only one 
species, one moving boundary was formed between the solvent and the charged 
particles. When there were two different species, two distinct moving boundaries 
were formed. The migration is very rapid since the frictional resistance in free 
solutions is at a minimum. Moving boundary methods are not widely used since 
complete separation is rarely possible. Even if complete separation is possible 
there are practical difficulties in monitoring the electrophoretic patterns and 
isolating the pure substances without disturbing the whole electrophoresis cell. 
Zone electrophoretic methods are conducted in an inert and relatively 
homogeneous solid supporting medium. The main advantage of the solid media 
is that mechanical disturbances and convection currents, which occur in liquid 
mediums leading to poor separations, cannot take place in them. Another 
advantage of using solid supporting mediums is that they can be designed to have 
adsorption and molecular sieving properties. Thus, the charge differences of the 
particles are coupled with their individual interactions with different supporting 
media and the resolution power of electrophoresis is increased. 
Many different types of supporting media are available such as a thin layer of 
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silica or alumina, sheets of absorbent paper or cellulose acetate, a gel of starch or 
agarose or polyacrylamide. Each of these media has certain advantages over the 
others for a particular separation. The proteins are separated on the solid media 
as distinct zones which in the end can be detected by suitable techniques. 
Polyacrylamide gels are especially important in clinical, food and research 
studies of peptide structures since the porosity of the gels can be regulated by 
changing the concentration of the total monomer (acrylamide + 
N,N' -methylene-bis-acrylamide) or by changing the percentage of Bis. Thus, 
gels with different sieving properties are available (Shaw, 1969), (Moody and 
Thomas, 1975), (Davis and Simpkins, 1975), (Zapsalis, 1985). 
2.4.2 Requirements for electrophoretic separations 
2.4.2.1 The sample 
Molecules must carry a net charge in order to be separated by electrophoresis. 
The net charge is dependent upon the pH of the buffer on the the supporting 
medium. The pH at which a molecule doesn't have any net charge called its 
isoelectric point (pI). At this pH the number of NH3 + is equal to this of COO' 
(zwitterion). Thus, the direction of the migration is dependent upon the pH of the 
buffer and when pH=pI the molecules don't move at all. Isoelectric focusing is 
based on this principle (Moody and Thomas, 1975), (Davis and Simpkins, 1975). 
2.4.2.2 The electric field 
The charged species migrate at a rate which is proportional to current (I) since 
it is conducted by both the sample and buffer ions. If the current is constant the 
migration distance will depend only on time and therefore electrophoresis can be 
highly reproducible. The voltage (V) of the electric field determines the current 
and thus the migration rate is proportional to the potential difference between the 
electrodes. High voltages mean short resolution times and vice versa .. On the 
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other hand, the migration rate is inversely proportional to the resistance (R). The 
resistance depends on the nature of the supporting medium and the ionic strength 
of the buffer. The higher the ionic strength, the lower the resistance and thus for 
constant voltage there will be a high current (I = VIR), but high current means 
high heat production (Q = I2R). As a result of heat production there will be a 
decrease in resistance and therefore an increase in current. Heat production also 
means evaporation of the buffer solvent which again leads to an increased 
current. Heating effects are minimized by using on the one hand a cooling 
system and on the other an air-tight cover (Moody and Thomas, 1975), (Davis 
and Simpkins, 1975). 
2.4.2.3 The buffer system 
Ionic strength ~Z2, where c is the molar concentration of an ion and z is its 
charge. High ionic strength means that most current is conducted by the buffer 
ions and thus less by the sample ions resulting in a decrease in the migration rate 
0.1'1 increct.5e in the 
andWeat productIon. Low ionic strength means an increased current is conducted 
by the sample ions and less by the buffer ions. The total current is decreased as 
well as the heat production, but on the other hand diffusion is higher resulting in 
lower resolution. So, the suitable buffer for individual separations is found 
experimentally and it is always a balance between accomplishing a rapid 
migration and limiting the heating effects (Moody and Thomas, 1975), (Davis 
and Simpkins, 1975). 
2.4.2.4 Inert supporting medium 
Although the supporting media are made of inert materials they usually 
interact with the sample being separated. Thus, the choice of the supporting 
medium is strongly dependent upon the sample to be separated. 
Adsorption and electro-osmosis are phenomena which affect negatively the 
electrophoresis of a sample. 
Adsorption causes trailing of the sample leading to a poor resolution. The 
migration rate can also be decreased. 
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Electro-osmosis is a phenomenon in which ionization of groups in the 
supponing medium coupled by surface adsorption of ions results in formation of 
oxoniums (H30+). The oxoniums move towards to cathode and therefore on the 
one side accelerate the cations and on the other they delay the anions (Moody and 
Thomas, 1975), (Davis and Simpkins, 1975). 
2.4.3 Discontinuous and SDS electrophoresis 
2.4.3.1 Discontinuous electrophoresis 
The name discontinuous is derived from the discontinuities in both the gel and 
pH of the buffers used. The buffers are such that the species carry a negative 
charge and as they move towards to the anode separation takes place because of 
size and charge differences. 
The gel consists of two pans. The cathodic pan (about a third of the gel) is a 
large pore "stacking" gel and the anodic pan is a small pore "running" or 
separating gel. In the large pore gel the sample components are stacked into very 
thin, concentrated zones which enter the separating gel and then separation is 
accomplished by molecular sieving and charge effects. 
A typical process of discontinuous electrophoresis employs tris-HCI buffers in 
both the stacking and the separation gel and tris-glycine buffers in the electrodes. 
Chloride and glycinate ions move in the same direction as the sample species and 
called leading and trailing ions respectively. The chosen pH values are such that 
the mobilities of the sample molecules are intermediate to those of the leading 
and the trailing ions. The pH of the stacking gel is about 2 pH units lower than 
that in the cathode buffer. The pH of the cathode is 8.3 and the dissociation of 
glycine is very small and 95% of glycine molecules are in zwitterion form and 
only 5% exist as glycinate anions. The calculations are based on 
Henderson-Hasselbalch equation, pH = pK. + log[conjugate base]/[acid] and the 
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pK. of glycine is 9.6. 
When voltage is applied, glycinate ions from the cathode tank move into the 
stacking gel and "trail" behind the chloride ions because they have lower mobility 
than that of the chloride ions. Their mobility is even more reduced when they 
enter the lower pH environment of the stacking gel since a larger proportion of 
the ions become protonated to fonn more zwitterions. As soon as the current is 
switched on the chloride ions migrate rapidly ahead from the other ionic species 
and a region of lower conductivity is formed behind them. Lower conductivity 
means an increased voltage. This increased voltage is coupled with the decreased 
voltage of the higher conductivity region of the trailing ions and a steeper voltage 
gradient is fonned. The voltage gradient accelerates the trailing ions so that they 
move immediately after the leading ions at the same velocity. This forms a 
boundary which is known as a Kohlrausch boundary. The sample species are 
trapped bet,:"een the leading and trailing ions and an extremely narrow protein 
band is formed. This band enters the separating gel. 
When this moving-boundary zone reaches the running gel the dissociation of 
the glycinate ions (pH=8.9) is increased and their mobility is now higher than that 
of the protein anions. Thus, they overtake the sample anions and form a sharper 
boundary with the chloride ions. This boundary then moves rapidly away from 
the protein anions since these cannot act as trailing anions this time because of 
the molecular sieving effect. 
As the chloride anions migrate towards the anode they are replaced by 
glycinate anions and therefore there is an increase in the pH of the gel behind 
them. 
That means that the negative charge of the protein anions is increased and they 
migrate in a uniform electric field according to their charge as well as molecular 
weight and shape (Moody and Thomas, 1975), (Davis and Simpkins, 1975), 
(Andrews, 1981). 
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2.4.3.2 SDS electrophoresis 
An important problem which is faced when somebody investigates the 
components of tissues, cells or membranes is to solubilize the samples. The 
majority of the methods use a detergent as a solubilizing agent. If these 
detergents are ionic then most proteins are separated by electrophoresis according 
to their molecular weight. 
When proteins are treated with the detergent sodium dodecyl sulphate (SOS), 
they are dissociated into their subunits. SOS as a solubilizing and denaturing 
agent causes confonnational changes in the proteins. The character of these 
changes must be the same, since SOS molecules can be bound with different 
protein structures. 
In a solution of SDS and 2-mercaptoethanol or diothiothreitol (OTl) proteins 
dissociate into their subunits with a rod-like shape. The diameter of the rods is 
supposed to be constant and the long-axis to vary according to to their molecular 
weight. Treatment of the proteins with 2-mercaptoethanol or OTT breaks the 
disulphide bonds and thus the binding of SDS is complete and homogeneous. 
The binding of SDS introduces one negative charge per bound molecule of 
SDS on the protein molecule. At neutral pH, the protein-SDS complexes are 
almost totally dependent upon the charge of the SDS molecules. In addition, the 
amount of SDS which binds on the proteins is constant and about 1.4 g /1 g of 
protein. Therefore, the protein -SOS complexes are approximately independent 
of shape and charge and their electrophoretic mobility is mainly dependent on 
their molecular weight. 
2.4.4 Use of electrophoresis in heat-denaturation experiments 
As is known, denaturation of proteins happens during the heat processing of 
foods stuffs. One of the most powerful tools in determining the nature and the 
extent of heat-induced changes is electrophoresis. Some other ways of looking at 
these changes are: Differential scanning calorimetry (DSC), chromatography, 
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circular dichroism (CD) and solubility experiments. 
Electrophoresis has been widely used for studying the effect of heat treatment 
on the proteins of a variety of materials such as egg, milk and whey, etc. 
However, there is an absence of bibliography on bovine blood plasma. In 
contrast to this fact, there is a huge bibliography on clinical applications of 
electrophoresis for human blood. 
Almost exclusively, discontinuous and slab polyacrylamide gel techniques 
have been applied for studying the heat denaturation of proteins but many kinds 
of electrophoresis have been used in clinical applications, depending on the 
required purpose. 
Chang et al (1970) used discontinuous polyacrylamide gel electrophoresis 
(PAGE) for studying the heat-induced changes in albumin, yolk and whole egg 
proteins at pasteurization temperatures, 61.7·C and above. They suggested that 
the disappearance of bands and the intensity reduction during heat treatment 
might be explained by the formation of high-molecular weight aggregates unable 
to migrate into the small-pore size gel. 
Matsuda et al (1981) used vertical flat-sheet PAGE to investigate the 
aggregation of egg white proteins between the temperatures 54-60·C. 
Nakamura and Matsuda (1983) observed the appearance of a new band in the 
egg white electrophoretogram (vertical flat-sheet PAGE), when egg white was 
heated from 50·C to 60·C. They suggested that the new band was formed by the 
interaction between macroglobulin and lysozyme. 
Watanabe et al (1985) investigated the heat denaturation and aggregation of 
egg white in an acid medium by vertical flat-sheet PAGE. They found that the 
heating temperature at which the bands disappeared was dependent on the pH of 
the samples and that aggregation occured at a lower temperature as the acidity 
was increased. 
Mine etal (1990) used SDS-PAGE to study the binding of heat-induced 
aggregation of egg white protein at a high pH value. They found an increasing 
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number of electrophoretic bands (fig. 2.4.2) in the presence of 
2-mercaptoeathanol. Thus, they suggested that the main type of binding between 
the egg white proteins is likely to be disulfide bonds. They also observed that the 
bands' lower mobility was increased at a heating temperature above 60·C. 
Vertical slab PAGE was used by Li-Chan (1983) for studying the effect of 
heating conditions (pH, time, temperature, solids content, calcium addition) on 
whey protein concentrate. The same method was also used by Varnsatian et al 
(1983) for investigating the effect of salt ions on the heat aggregation of whey 
proteins. 
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Figure 2.4.2. SDS-PAGE patterns in the presence (A) or in the absence (B) of 
2-mercaptoethanol. 
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Rao and Mathur (1986) used discontinv.ous PAGE for investigating the 
heat-induced changes in whey proteins during the manufacture of a spray dried 
formula. Their electrophoretic patterns showed disappearance of bands or 
intensity reduction and formation of new interaction components. The new 
component had modified mobilities a fact signifying alteration of the net surface 
charges as well as molecular configurations. They suggested that the new 
components were the result of inter- and intra-molecular interactions between the 
various proteins. 
Agarose gel electrophoresis was used by Hill (1986) for the estimation of 
proteins in raw and spray dried bovine plasma (low spray drying outlet 
temperatures, 70-80·C). She found that there weren't any identifiable differences 
between the dried and raw plasma samples and that the protein fractions in the 
bovine samples had similar electrophoretic mobility to these in human plasma 
(fig.2.4.3). 
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Figure 2.4.3. Densitometric scans of human, bovine and spray dried plasma. 
52 
Howell and Lawrie (1983) used SDS-PAGE to characterize porcine plasma 
proteins. Their electrophoretograms and densitograms showed twenty bands and 
peaks, respectively. In addition they identified the major protein bands: albumin, 
fibrinogen, 'Y-globulins (immunoglobulins), a- and ~-globulins, by determining 
the molecular weight of the proteins on the polyacrylamide gels using molecular 
weight markers. 
As has been mentioned earlier, electrophoresis is a technique that has found 
widespread application as a routine diagnostic tool. 
Serum proteins have been separated into five distinct fractions (albumin, an 
an ~- and 'Y-globulins) using a cellulose acetate strip as supporting medium. 
Apart from albumin, each of these fractions contains a mixmre of proteins (table 
2.1.3, p.9). If plasma is used instead of serum for the electrophoretic separation, 
fibrinogen forms a discrete band between the ~- and 'Y-globulin regions (Whitby 
et aI, 1975). The electrophoretic pattern is the same using agarose gel (fig 2.4.3). 
PAGE has also been used for resolving the blood serum proteins. In the gel 
pattern 'Y-globulins form a complex series of bands which tend to be rather 
diffused and to form a general background in the first part of the gel. Upon this 
background are superimposed the bands due to a number of other components 
(e.g. ~-macroglobulin, ~-lipoprotein, the haptoglobin bands etc.). Quantitative 
evaluation then becomes almost impossible and even qualitative assesment of the 
'Y-globulins is difficult. A number of other overlaps between different proteins 
may occur (e.g. albumin and trypsin inhibitor, ceruloplasmin and haemopexin, 
etc.), and to obtain a complete and accurate picmre of the composition of a blood 
sample more than one run is required using different separation conditions or 
even different methods (Andrews, 1981). 
Electrophoresis of serum proteins in SDS-containing gel was suggested by 
Chiga et al (1972). Polyacrylamide-agarose gel (Peacok and Dingman, 1968) 
was used by Peacok and Dingman (1968). The authors report the resolution of 
serum proteins into 6 distinct bands. This technique may be used for comparative 
analysis (Gaal et ai, 1975). 
Many other methods have been used to the diagnosis of pathological 
conditions but their review is beyond our need. 
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3 MATERIALS AND METHODS 
3.1 Spray-drying and Heating experiments 
3.1.1 Feed material 
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Bovine blood plasma with about 9.2 % solids was used for the experiments .. 
This was stored frozen at -20'C in ten-litre samples. A new sample was used for 
each experiment and its initial activity was measured in each case. The dryer was 
started with distilled water until thermal equilibrium was achieved at the desired 
outlet temperature and then plasma was fed in. 
3.1.2 Spray-dryer and drying experiments 
The dryer is a computer-controlled tall form type with pressure nozzle 
atomizer and air heated by a gas burner. The powder was collected by a cyclone 
with a powder container at its base. All the parts are made of stainless steel. Air 
temperatures were measured with thermocouples at the entrance of the drying 
chamber (inlet air temperature) and at the exit of the cyclone (outlet air 
temperature). 
The preset outlet air temperature was kept constant through varying the inlet 
air temperature. 
The feed rate was about 4.S l/hr and the air pressure for atomization was 4 bar. 
The total residence time of the dryer was 1:=24.6 s (p.99). 
Blood plasma was spray-dried at 60, 70, SO, 90, 100 and 110'C. 
3.1.3 Heating experiments 
The thermal destruction rate of lactate dehydrogenase (LDH) was determined 
by heating blood plasma at 63.S'C, 65.9'C and 67.S'C. About 70 rnl of blood 
plasma in a flask was heated in a water bath. A magnetic stirrer was used for 
mixing and the temperature was followed with a thermocouple. At time, to, when 
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the liquid reached the desired temperature a sample was taken. This sample gave 
the initial activity. Other samples were taken at selected times (3, 6, 9, 12 min at 
63.8'C, 2, 4, 6, 8 min at 6S.9'C and 1,2,3,4 min at 67.8'C). All the samples 
were immediately cooled down with ice. 
3.1.4 Enzyme assay for the determination of LDH activity 
3.1.4.1 Reagents and sample solutions preparation 
The determination of LDH activity is based on the fact that it catalyzes the 
convertion of pyruvate to L-lactate in the presence ofNADH (p.12). The 
reagents for the reaction were provided by Boehringer Mannheim. Their 
concentration in the test were: 
phosphate buffer 
pyruvate ( substrate ) 
NADH ( Coenzyme ) 
50.00 mmol/l, pH 7.5 
0.60 mmol/l 
0.18 mmol/l 
The raw blood plasma, which was used at each spray-drying operation, was 
removed from the freezer and allowed to thaw at ambient temperature. 
The powder collected from each operation was redissolved in distilled water 
to the initial solids concentration 9.2 %. 
The reagent solution, the raw and reconstituted blood plasma were placed in a 
water bath at 25'C. 
3.1.4.2 Test procedure 
Once the plasma test sample and reagent solutions had each reached an 
equilibrium temperature of2S'C 0.1 ml of the sample plasma was added to the 
reagent solution. The mixture was thoroughly mixed and then poured into a 
cuvette and a stopwatch started. 
The cuvette was immediately placed in a spectrophotometer with the 
wavelength set to 340 nm. After 30 s the initial absorbance was read and the 
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stopwatch restaned. The reading of the absorbance was repeated after exactly I, 
2 and 3 minutes. The absorbance of an empty cuvette was also recorded. 
After measuring the absorbances, the mean absorbance change per minute 
(Wmin) can be calculated. If this mean exceeded 0.1 at 340 nm then 0.1 mlof 
the sample was diluted with 0.9 ml of 0.9 % NaCl solution and the assay was 
repeated. The assay was performed in duplicate and the average of the 
measurements was taken. 
3.1.4.3 Calculation 
The activity of LDH in the plasma sample given as the number of units per 
litre (see p.lO) was calculated from the following equation: 
UII(2S0C) = 4921 X M 3401m;n (3.1) 
If the sample has been diluted with 0.9 % NaCl then the activity is ten times 
that given above. 
The enzyme assay temperature could also be 30°C or 37·C. These 
temperatures are usually used when the concentration of an enzyme in a sample is 
not high enough for measurements at 25'C, since the activity increases as the 
temperature increases. In all other cases the temperature 25'C is preferred, 
because measurements at this temperature are more easier standardized than at 
30'C or 37"C. A temperature of 25'C also conforms with the international 
temperature for physico-chemical data. 
The optimal conditions for the determination of activities of some enzymes 
are not always technically attainable. The practisable approximation to the 
optimum is called the "optimized method" (Anon., 1970). 
The method which was used for the estimation of LDH activity is an 
Boehringer Manheim "optimized standard method" based on references (Anon., 
1970) and (Anon., 1972). 
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3.1.5 Kjeldhal methodfor the determination of the total protein 
The estimation of the total protein in the blood plasma, spray dried powder 
and reconstituted plasma was carried out using the semi-micro Kjeldhal method. 
The Kjeldhal method involves the following steps: 
Total N Digestion in 
sulphuric acid 
(NH.),SO •. 'H,SO. 
I Distil+ exc(!ss NaOH 
N H J tBoric acid 
ltitr:.Jlc 
with aciu) 
The Kjeldhal method estimates the total nitrogen. The "crude" protein is 
calculated by multiplying the total nitrogen by an empirical factor. Such factors 
have been calculated by considering the basic components of a large number of 
samples of the same material: 
where PN = mean of total nitrogenous matter by difference 
PK = mean of total nitrogen by Kjeldhal 
For instance, for meat 
PN = lOO - (% water + % fat + % ash) 
andF= 6.25. 
With other materials carbohydrates, fibre, etc., must also be substracted (Pearson, 
1973). 
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The estimation of the total nitrogen was carried out using the Kjeltec system 
and the sample amounts were 1.5 ml, 0.1 g and 1.5 ml of raw plasma, powder and 
reconstituted plasma respectively. (Pearson, 1976). 
3.1.6 Correction of the calculated LDH activity 
The enzyme LDH is present in the raw blood plasma and its activity is high 
enough for our experiments. 
The activity of the powder was measured after redissolving it in distilled water 
and making a solution with solid contents of about 9.2 % (as for the raw blood 
plasma). After redissolving the powder, it was centrifuged at 1470 g for 10 
minutes. The raw blood plasma was centrifuged at the same conditions as well. 
In both reconstituted and raw plasma the measurement of the protein content was 
done as follows: 
6.25 x KjeldhaI % N = % protein 
The calculated enzyme activity was corrected as seen in eq. (3.3): 
where N = corrected activity 
Po 
N = P' x N' 
N' = measured activity in reconstituted plasma 
Po = protein % in raw plasma 
P' = protein % in reconstituted plasma 
This correction was made by assuming 
1) only the soluble form of protein is active 
(3.2) 
(3.3) 
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2) the insoluble protein (precipitate after centrifugation) consists exclusively 
of denatured forms 
3) the enzyme activity is linearly related to protein content. 
3.1.7 Expression of the results 
The results of the experiments have been expressed as residual activity (%): 
Residual activity 
N (%) = x 100 
No 
(3.4) 
For the drying experiments, No is the enzyme activity in the raw blood plasma 
and N the enzyme activity in the reconstituted plasma. For the heating 
experiments No is the enzyme activity in the plasma at time to and the enzyme 
activity after heating at different times t. N and No are referred to the same 
protein base (eq. 3.3). 
The moisture content of the powder was determined by gravimetry after 
drying to constant weight in an oven at 105'C for 24 hours. Two samples of 5 g 
each were used and the average of the measurements was taken. 
3.2 Solubility experiments 
Plasma powder(1g) was suspended in 100 ml of distilled water and stirred for 
45 min at 30'C using a magnetic stirrer and then centrifuged at 1470 g for 10 
minutes. The nitrogen content of the supematant was determined by the Kjeldahl 
procedure and the solubility was expressed as a percentage of the total powder 
nitrogen content (Hindi, 1980): 
Soluble N 
% Solubility = x 100 Total N 
(3.5) 
3.3 Electrophoresis experiments 
3.3.1 Sample preparation 
The raw and reconstituted blood plasma samples were prepared in two 
different ways: 
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1 ) The samples were diluted in sample buffer. Then SOS, OTT and 
Bromophenol Blue were added to the sample buffer to obtain a final 
concentration of 30 g/l (see next section), 5 mmol/l and 0.1 g/l respectively in the 
sample (Pharmacia, 1991). 
2) The samples were prepared in the same way as 1) but without adding SOS 
and OTT. 
All the samples were incubated at 37'C for 3 hours. 
3.3.2 Sample concentration 
The sensitivity of the development technique and the volume of sample 
applied to the gel determine the lower limit of the sample concentration. 
Generally, the sample must contain 20 to 30 ng of each protein/Ill when 
Coomassie staining is used (Pharmacia, 1991). 
In our experiments the raw and reconstituted blood plasma samples after 
having centrifuged were prepared by diluting them ten times in sample buffer, so 
that the final concentration was about 7 mglml (Weber and Osborn, 1975), 
(Andrews, 1981). 
As a general quide, a short series of dilutions within the range of 0.1 - 20 
mglml will give a hint to the optimal concentration. Also, the protein 
concentration in the sample is dependent on the purpose of the electrophoresis, so 
normally somebody decides between overloading some bands and revealing 
others and vice versa (LKB, 1977). Of course, all these calculations are based 
on the detection method, which is used every time. 
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The concentration of SOS is dependent on the concentration of the protein in 
the sample since it is necessary to keep at least the minimum weight ratio of SDS 
to protein of 3:1 (Weber and Osbom, 1975). 
3.3.3 Sample application 
About 1 ml of insulating fluid (kerosene or light paraffin) was pipetted on to 
the cooling plate and the gel was positioned on it. No air bubbles must be 
trapped, between them. The samples were then applied on the gel surface as 
droplets using a micropipette. Application should be done as quickly as possible 
because the Bromophenol Blue dye starts diffusing immediately and gives rise to 
a less sharp band at the marker dye front. 
2111 and 1.5 III of samples, which have been treated without and with 
SOS and OTT, were applied respectively about 1 cm away from the cathode 
wicks. 
The electrophoresis run was started and when the Bromophenol Blue front had 
reached the anode wicks, the electrophoresis was complete and was stopped 
(Pharmacia, 1991). 
3.3.4 Technical data of the gel 
Separation range: MW 6,500 - 300,000 
Linear separation range MW 14,000 - 170,000 
Gel size: 110 x 245 x 0.5 mm 
Stacking gel zone: 33 mm (T = 5 %, C = 3 %) 
62 
Separating gel zone: 77 mm (T = 8 - 18 %, C = 3 %) 
The tenn T represents the total concentration of monomer (acrylamide + Bis) 
expressed in g per 100 ml and the tenn C is the percentage (by weight) of total 
monomerT which is due to the cross-linking agent (Bis) (Andrews, 1981). 
The stacking zone is on the cathodic side of the gel and merges continuously 
into the linear separating zone with an 8 - 18 % polyacrylamide gradient. 
Electrical contact between the electrode buffers and the gel was maintained by 
wicks made of 9 - 10 filter papers. 
The buffer system in the electrodes, together with the gel buffer, fonns a 
discontinuous buffer system, where the" leading" and "trailing" anions are the 
acetate and tricine anions, respectively. 
3.3.5 Running conditions 
A cooling temperature of IS'C and the following electrical parameters were 
used (Pharmacia, 1991): 
Voltage 
Current 
Power 
Time 
600 V 
SOmA 
30W 
It took the Bromophenol Blue front about 
90 minutes to reach the anode wicks. 
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3.3.6 Buffer solutions 
3.3.6.1 Sample solutions 
Sample stock buffer: 0.50 moUl Tris-HAc, pH 7.5. 3 g Tris were dissolved in 
40 ml distilled water. The pH was adjusted carefully to 7.5 with acetic acid 
(HAc). The amount of HAc was about 1.4 ml. Then the solution was made up to 
50 ml with distilled water. 
Sample buffer: 1 part of sample stock buffer 0.50 moUl Tris-HAc, pH 7.5 
was diluted in 9 parts of distilled Wa.i£f. Then SOS, OTT and Bromophenol Blue 
or Bromophenol Blue only were added to the sample buffer. Freshly prepared 
diluted samples must be used each time. 
3.3.6.2 Electrode and gel solutions 
The following solutions were made in distilled water. 
Cathode buffer: 0.08 moUl Tris, 0.80/1 Tricine and 4 g/l SOS, pH 7.1. 
Anode buffer: 0.30 moUl Tris, 0.30/1 acetate (HAc) and 4 g/l SOS, pH 6.4. 
Gel buffer: 0.12 moUl Tris, 0.12 moUl acetate (HAc) and 1 g/l SOS, pH 6.4 
(Pharmacia, 1991). 
3.3.7 Gel staining 
3.3.7.1 Coomassie staining solutions 
250 ml of each solution was needed per gel. 
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Fixing solution 
Ethanol 400ml 
Acetic acid lOOm! 
Made up to 1000 m! with distilled water. 
Destaining solution 
Ethanol 250ml 
Acetic acid 80ml 
Made up to 1000 ml with distilled water. 
Coomassie solution 
Coomassie R250 0.29 g 
Heated to 60'C, stirring constantly, before use. 
Preserving solution 
Glycerol (87 % w/w) 25ml 
Made up to 250 ml with de staining solution (Phannacia, 1991). 
3.3.7.2 Coomassie staining 
After the electrophoresis was complete the gel was immediately immersed in a 
tray containing fixing solution for at least 30 minutes. If necessary, the gel can 
be left in the solution overnight. 
The gel was then placed in Coomassie solution, which had been heated to 
60'C, for 10 minutes and afterwards was rinsed once with distilled water. 
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The destaining was carried out by placing the gel in destaining solution until 
the background was clear (about 5 hrs). Several changes of destaining solution 
were necessary. 
The destained gel was then placed in preserving solution for 20 - 30 minutes 
and was put on a glass plate with the gel side up. The gel was covered with cling 
film soaked in preserving solution and was left to dry at room temperature 
(Phannacia, 1991). 
3.3.8 Molecular weight (MW) determination 
The gels used in the experiments were provided by Pharmacia. They are 
precast polyacrylamide gradient 8 - 18 gels for horizontal electrophoresis of SOS 
denatured proteins. They give a linear relationship between the migration 
distance of an SOS-denatured protein and the log of its MW in the 14,000-
170,000 MW range. 
By applying proteins of known sUb-unit molecular weights (MW-markers) 
together with the sample, the molecular weight of the sample can be 
approximated by using a calibration curve as illustrated in Figure 3.3.1 
(Pharmacia, 1991). 
The molecular weight markers used in our experiments were: High Molecular 
Weight (HMW) markers by Pharmacia and the Low Molecular Weight markers 
(LMW) by BOH. Their components are shown in Tables 3.3.1 and 3.3.2 
respectively. 
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Figure 3.3.1. Molecular weight calibration plot for LMW and HMW markers. 
Table 3.3.1. LMW markers 
Protein SubunitMW Source 
Cytochrome c 12,300 equine 
Myoglobin 17,200 equine 
Chymotrypsinogen A 25,700 bovine 
Ovalbumin 45,000 hen egg 
Albumin 66,250 bovine serum 
Ovotransferrin 76·78.000 hen egg 
Table 3.3.2. HMW markers 
Protein SubunitMW Source 
Glutamic Dehydrogenase 53,000 bovine liver 
Transferrin 76,000 human 
~,Galactosidase 116.000 E.coli 
a"Macroglobulin 170,000 bovine plasma 
Myosin 212.000 rabbit muscle 
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4 RESULTS AND DISCUSSION 
4.1 Spray drying and heating experiments 
Spray drying experiments 
Table 4.1.1 gives the LDH activity ofraw and spray dried bovine plasma at 
different outlet air temperatures. 
Table 4.1.1. LDH activity of raw and spray dried bovine plasma at different air 
outlet temperatures 
T("C) Powder Raw plasma Reconstituted plasma N/No 
Moisture Activity Protein Activity Protein Corrected 
(%) (No),(U/L) content (N'),(U/L) content activity (N) 
(Po).(%) (P'),(%) 
60 15.32 861 7.41 652 7.82 618 0.72 
70 10.03 861 7.29 591 7.41 581 0.68 
80 8.75 910 7.32 455 7.59 439 0.48 
90 8.05 902 7.44 412 7.59 404 0.45 
100 7.63 890 7.58 90 6.46 106 0.12 
110 7.01 890 7.58 33 5.07 49 0.055 
In Figure 4.1.1 the residual activity of LDH during spray drying of bovine 
plasma is plotted logarithmically against the outlet air temperature. As can be 
seen, the plot does not consist of a single straight line but a broken line with two 
straight parts. The slopes of the two curves reflect the dependence of the enzyme 
destruction on the outlet air temperature. A parameter called pseudo z value was 
introduced by Daemen and Stege (1982) to describe this dependence (p. 34). 
They calculated the pseudo z values for alkaline phosphatase, Staphylococcus 
Cl3I and S. marcenscens during spray drying of milk (Total Solids about 30%) 
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Figure 4.1.1. The residual activity (N/NoxIOO) ofLDH is plotted logarithmically 
against the outlet air temperature (T). 
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to be 33-34'C, IS'C and lO'C, respectively (fig.2.3.S). They noticed that while 
alkaline phosphatase had a higher pseudo z value than Staphylococcus C131, it 
was more thermoresistant only at higher outlet temperatures. At lower outlet 
temperatures the destruction of alkaline phosphatase activity was greater than that 
of C131. From Figure 4.1.1 the pseudo z value for LDH was calculated as 
21.9'C and therefore LDH is more thermoresistant than Cl3l and less than 
alkaline phosphatase at higher outlet temperatures. At lower temperatures the 
reverse holds true but only for C 131; alkaline phosphatase is more 
thermoresistant than LDH at lower temperatures as well. The situation in which 
enzymes or bacteria with higher pseudo z values can appear to be less 
thermoresistant at lower temperatures than these with lower pseudo z values is 
not unusual. We must also take into account that these comparisons refer to 
different media with different TS content 
In Figure 4.1.2. the InNoIN is plotted logarithmically against the reciprocal 
absolute outlet air temperature. The plot shows a broken line with two straight 
parts from which two different activation energies were calculated using eq. 
2.3.12. The break in the plot appeared at 88.9S'C. Elizondo and Labuza (1974) 
and Peri and De Cezari (1974) also calculated the activation energies for S. 
cerevisiae (fig. 2.3.7, fig.2.3.8). Their plots showed breaks at 84'C and 80'C, 
respectively. Chopin et al (1977) did not find any linear relationship for 
Microbacterium lacticum and Escherichia coli during spray drying of skim milk 
and therefore were not able to calculate the activation energies. Daemen and 
Stege (1982) also were not able to calculate the activation energies of enzymes 
and bacteria during spray drying of milk and whey (fig. 2.3.6). 
The rate constant (k) of the destruction process of LDH activity was 
calculated from eq. 2.3.2 by assuming t=2 s (about 10% of the total residence 
time, 1:=24.6 s) and the thermodynamic quantities ~G', ~H' and ~S' were 
calculated according to the Eyring and Steam (1939) theory by means of 
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eq. 2.3.13 - 2.3.16. Elizondo and Labuza (1974) also used a time of 2 s (10% of 
the total residence time) for the calculation of the rate constant, k, of S. cerevisiae 
during spray drying of skim milk. 
The results are presented in Table 4.1.2 and are compared with other literature 
data. 
Table 4.1.2. Comparison of thermodynamic quantities during spray drying 
Enzyme or Ref. Medium Temp. k dG' dH' dS' x1O" 
organism (K) (S·I) (kJ/mol) (kJ/mol) (kJ/moIK) 
LDH This Bovine 343 0.223 88.7 33.3 ·161.5 
work plasma 383 1.62 93.1 74.8 -47.8 
S. cerevisiae Elizondo Skim milk 343 0.85 84.9 75.3 -28.0 
and 387 3.57 91.5 22.6 -178.0 
Labuza 
(1974) 
S. cerevisiae Peri and Commercial 343-353 59.4 
De 
Cezari 
preparation 353·378 4.4 
(1974) 
From table 4.1.2 we can see that values dO' and k are similar for LDH and S. 
cerevisiae according to Elizondo and Labuza (1974). However, the values m' 
are different which reflects the slopes of the destruction rate versus Iff curves 
(fig. 2.3.7 and fig. 4.1.2). dS' values are different for the same reason combined 
with the fact that the dO' value is about the same (eq. 2.3.15). dS' and dO' 
values were calculated from the data of Elizondo and Labuza (1974). 
Heating experiments in solutions 
Table 4.1.3 gives the LDH activity of bovine plasma heated for different times 
at different temperatures. 
Table 4.1.3. LDH activity of bovine plasma heated for different times at 63.8, 
65.9 and 67.S'C. 
Tem~erature Time Residual activity 
C) (min) (N/Nox100) 
63.8 0 100 
3 84 
6 77 
9 68 
12 61 
65.9 0 100 
2 78 
4 58 
6 44 
8 33 
67.8 0 100 
1 80 
2 59 
3 49 
4 43 
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In Figure 4.1.3 the residual activity (%) ofLDH during heating of bovine 
plasma is plotted logarithmically against the heating time. From this graph the D 
(decimal reduction time) values were calculated as Dt = 3171 s, Dz = 10lD s and 
D3 = 619 s for Tt = 63.8'C, Tz = 65.9'C and T3 = 67.S'C, respectively. In Figure 
4.1.4 the D values are plotted logarithmically against the heating temperatures. 
From this plot, which is known as the thermal destruction curve, the z value was 
calculated, z = 5.6'C. This value is compared with other literature values in 
Table 4.1.4. and it seems to be a typical value. Alkaline phosphatase and LDH 
are each made up of two subunits whilst a-amylase is a single molecular enzyme. 
This could explain the heat stability of the latter compound while in the former 
enzymes the forces holding molecular subunits together are weak enough to be 
disrupted more easily by heat. 
The rate constant (k) was calculated from eq. 2.3.3 and the thermodynamic 
quantities ~G', ~H' and ~S· were calculated by means of eq. 2.3.13-2.3.16. The 
results are presented in Table 4.1.5 and are compared with other data. Again 
~S· and ~G' values were calculated from the data given by Elizondo and Labuza 
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(1974). For enzymes, LDH and rennin, values k, toO', toR' and toS' are very 
similar and generally the rate of destruction of enzyme activity is slower than that 
of cell viability as found for the spray drying experiments as well ( table 4.1.2). 
Table 4.1.4. Comparison of z values during heating of solutions. 
Iw;~eor Ref. Medium z value amsm ("C) 
LDH This Bovine 5.6 
work plasma 
Rennin Daemen Whey 5.3 
(1981) (TS 6%) 
Phosphatase Daemen 
(1981) 
Skim milk 5.0 
a-amylase Daemen Skim milk 21.6 
(1981) 
C131 Daemen Skim milk 5.0 
(1981) 
From the drying and heating experiments it appears that while the quantities k, 
toR' and toS' are quite different, the free energy change, toO', is approximately 
constant and about 100 kJ/mol, a value characteristic of protein denaturation. 
Daemen (1981) found that the change of free energy for rennin and 
Staphylococcus C13I in whey and milk, respectively, with different total solids 
content was approximately 100 kJ/mol. 
The rate constant (k) of the enzyme activity destruction is higher in drying 
than thQ.~in heating experiments and thus the destruction rate ofLDH activity is 
higher during spray drying. The activation energy is much lower during drying 
experiments and therefore the enzyme is more heat sensitive in spray drying. On 
the other hand lower activation energy means that the enzyme destruction 
becomes less dependent on temperature during spray drying. An increase of 
l1.2'C in temperature in heating experiments causes an lOO-fold increase in the 
rate constant k (fig. 4.1.4 and eq. 2.3.3). The same increase e.g 70-81.2'C in 
drying experiments causes an about 1.5-fold increase in k for temperatures lower 
than 88.95'C and for higher temperatures e.g 90-I01.2'C causes an about 2-fold 
Table 4.1.5. Comparison of thermodynamic quantities during heating of 
solutions 
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EnzYll!e or Ref. Medium Temp. kxlO·' W· M{. .1S·x10·' 
orgamsm (K) (s·') (kJ/mol) (kJ/mol) (kJ/moIK) 
LDH This Bovine 339 1.96 101.0 400.3 882.9 
work plasma 
Rennin Daemen 
(1981) 
Whey 323 1.65 96.5 376.4 866.5 
Staphylococcus Daemen Skim milk 338 4.29 98.5 425.6 967.8 
C13] (1981) 
S. cerevisiae Elizondo Skim milk 333 116.67 87.8 543.9 1369.7 
and 
Labuza 
(1974) 
increase (fig. 4.1.2 and eq. 2.3.2). 
It is apparent from the results that the data from the heating experiments can 
not be used for predicting the destruction of the enzyme activity in drying 
experiments. Moreover, the data from the drying experiments at lower 
temperatures cannot applied to these at higher temperatures. Similar results were 
drawn by Elizondo and Labuza (1974) for the destruction of S. cerevisiae during 
heating and spray drying experiments. 
The results for LDH are also in good agreement with both kind of equations; 
for these calculated for heating experiments (eq. 2.3.18, 2.3.19, 2.3.20) and that 
calculated for heating and drying experiments (2.3.17). 
From the data of this study for the heating and drying experiments the 
following equation was calculated: 
~S* = O.0029Ml* - 0.259 (1 = 0.99) (4.1.1) 
More experimental data could be calculated by repeating exactly the same 
experiments using bovine plasma with different total solids content. 
As mentioned some authors consider that this linear correlation between ~S* 
and Ml* has a physical meaning ("compensation law"). Elizondo and Labuza 
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(1974) suggested that the reduction of activation energy (Ea) and the parallel 
reduction of entropy in the negative area of values may be explained by the 
compensation phenomenon. Lower Ea means that the enzyme or protein is more 
heat sensitive since less energy is needed for its destruction but on the other hand 
negative entropy of activation means that the probability for the destruction to 
take place is decreased and therefore the enzyme or protein is less heat sensitive. 
They felt that this phenomenon was related to water-protein interaction. 
4.2 Solubility experiments 
In general solubility is an index of heat denaturation of proteins. The data for 
solubility and moisture of bovine plasma spray dried at different temperatures 
are presented in Table 4.2.1 and in Figure 4.2.1 the moisture (%) of spray dried 
bovine plasma is plotted against the outlet air temperature. 
Table 4.2.1. Solubility of bovine plasma spray dried at different temperatures. 
Outlet air Moisture Solubility 
tem~rature ("C) 
(%) (Soluble Nrrotal N)xloo 
60 15.32 lOLl 
70 10.03 99.4 
80 8.75 99 
90 8.05 101 
100 7.63 96.2 
110 7.01 80.8 
The powder is completely soluble at lower outlet air temperatures. At lOO'C 
there is some insolubility which increases quite significantly at 1IO'C. It is 
certain that there is some denaturation of proteins at temperatures lower than 
IOO'C but this denaturation is not reflected in the solubility of the powders. At 
temperatures higher than IOO'C the denaturation of proteins is greater and has as 
a result an increased powder insolubility. This effect may be due to the kind of 
proteins which are denatured at different temperatures. It may be also related to 
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the water content of the powder, which is a function of the outlet air temperature, 
feed rate and residence time. A series of experiments where the insolubility will 
be studied against the outlet air temperature for different feed rates (different 
moisture content) at suitable residence time may highlight this point. The 
calculated solubility is also dependent upon the method used for determining it. 
4.3 Electrophoresis experiments 
In Figure 4.3.1 and 4.3.2 are shown the electrophoretic patterns, in the 
absence and presence of SDS and DTI, of raw bovine plasma and plasma spray 
dried at different air temperatures. Absence of SDS means absence from the 
sample buffer, because there is already SDS in the gel and buffer solutions. In 
Figure 4.3.2 can also be seen the LMW and HMW markers, which are run 
together with the plasma samples. Figure 4.3.3 shows the molecular weight 
calibration plot for these markers. The LMW markers albumin and 
ovotransferrin can not be seen in Figure 4.3.2 because they were very faint in the 
actual gel. The reason is that the specifications for the LMW markers were 
different from those for the gel (different manufacturers). Similar markers were 
also run for the gel seen in Figure 4.3.1 although are not shown. Their calibration 
plot was also a straight line indicating that the electrophoresis run was successful. 
Migration distance was measured as the distance from the cathodic edge of the 
plastic support on which the gel was stuck. 
As can be seen in Figure 4.3.1 the electrophoretic patterns of the spray dried 
samples are different from these of raw plasma. The patterns of spray dried 
samples show that there is disappearance, modification and intensity reduction of 
some bands and formation of some others. The intensity reduction increases as 
the temperature increases. The gel consists of a large-pore and small-pore gel. In 
the pattern of raw plasma most of the first band, which is near the cathode (the 
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Figure 4.2.1. Percentage of moisture in spray dried bovine plasma. 
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little band at the application point is ignored) lies on the large-pore gel. From the 
patterns of the spray dried samples it can be seen that there is formation of new 
components in the large-pore gel and at the application points of the samples. 
The pattern of the founh sample, which had been spray dried at 70·C, is quite 
similar to these of the raw plasma; this fact provides evidence that the protein 
structure may not be affected to a large extent during spray drying at lower 
temperatures. The data also suggest that apart from the intensity reduction of 
some bands there is no other significant difference between the spray dried 
samples. The relative intensity of the bands can be determined by getting the 
densitometric scans of these electrophoretic patterns. 
When samples were treated with SOS and OTI an increasing number of 
electrophoretic bands appeared (fig. 4.3.2). A possible explanation of this 
phenomenon could be a situation where the main type of binding between the 
plasma proteins are disulphide bonds, which are broken by OTI. The same was 
concluded by Mine et al (1990) in order to explain the increasing number of 
electrophoretic bands of egg white proteins in the presence of 2-mercaptoethanol 
(fig. 2.4.2). From the electrophoretic patterns in Figure 4.3.2 can be seen that 
there is intensity reduction of some bands and formation of new ones. The 
intensity reduction clearly increases as the drying temperature increases. The 
appearance of new bands tends to be closer to the cathode than to the anode. In 
other words the new components seem to be high-molecular weight aggregates 
which are created during spray drying. Some of these aggregates are unable to 
migrate into the small-pore gel and appear to be in the large-pore gel (the large 
pore-gel finishes about 3 mm below the myosin band). The intensity reduction of 
the bands may be explained by the formation of these high-molecular aggregates. 
The same reasoning was suggested by Chang et al (1970) in order to explain the 
disappearance and intensity reduction of bands during heat treatment of egg 
proteins. The appearance of new bands means formation of new components 
during spray drying, which have different electrophoretic mobilities, a fact 
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indicating alteration of the net charges and molecular conformations as well. The 
new components may be the result of extensive inter- and intra-molecular 
interactions between the proteins. The formation of new components during heat 
treatment of whey proteins was discussed in the same way by Rao and Mathur 
(1986). Some of the bands can be easily identified e.g the albumin band or the 
<Xz-Macroglobulin band but for the identification of the other bands specific work 
must be carried out in this direction. 
Figure 4.3.1. Electrophoretic pattern in the absence of DTI of raw bovine plasma and plasma spray dried at different outlet air 
temperatures. l=raw plasma, 2=60'C, 3=70'C, 4=80'C, 5=90'C, 6=IOO'C, 7=IIO·C. 
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5 GENERAL DISCUSSION 
In the food technology area the estimation of residual enzyme activity during 
heat processing of food-stuffs can be used as an index for assessing the 
denaturation of other proteins or bacteria. For instance, the measurement of the 
residual activity of alkaline phosphatase is used as an index of the survival of 
bacteriological species during pasteurization of milk. Unfortunately there is a 
lack of such applications in industrial processes. One reason for this lack is that 
in general there is insufficient knowledge of the relationship between the residual 
enzyme activity and the denaturation of other proteins or quality retention. On 
the other hand mathematical modelling of enzyme inactivation has a number of 
limitations and therefore there are very few reports connecting enzyme modelling 
with industrial processes (Adams, 1991). Spray drying is a process in which 
there is also a lack of this kind of application. It seems that it would be a 
worthwhile effort to try to link the destruction characteristics of LDH during 
spray drying of bovine plasma with the denaturation of immunoglobulins where 
plasma provides an alternative source of immunoglobulins to milk for calves 
which are taken away from their mothers at a very early age. 
The data of this study indicate that there is not a strong relationship between 
the destruction of LDH activity and the insolubility of the spray dried powders at 
different spray drying air outlet temperatures. At lower outlet air temperatures 
there is destruction of LDH activity but this is not reflected in the solubility of the 
powders; this signifies that the denatured LDH molecules and other denatured 
proteins are soluble after exposure to these temperatures. At temperatures higher 
than 88.95"C there is a drastic increase in the denaturation ofLDH which is 
associated with the appearance of insolubility in the powders becoming quite 
important at higher temperatures. Thus, the temperature of 88.9S·C (break in the 
plot of InlnN/No vs 1fT) does not only indicate changes in the destruction rate, 
activation energy and the other thermodynamic quantities of the destruction 
process but a change in other properties such as the solubility of the powders. 
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The increased insolubility of the powders indicates that extensive confonnational 
changes take place in the structure of proteins at these outlet temperatures. The 
destruction characteristics of LDH at temperatures higher than 88.9S'C may be 
used as an index for assessing the denaturation of other proteins and their 
resulting insolubility. More experimental data are needed in this area of 
temperatures to establish the relationship between the denaturation of LDH, the 
denaturation of other proteins and resulting insolubility. 
The insolubility may be also related to the moisture content of the powder, 
which is a function of the outlet air temperature, feed rate and residence time. A 
study of the variation of the insolubility versus the outlet air temperature at 
different feed rates and hence different moisture content for a suitable residence 
time may highlight this point. It must be also taken into account that the 
solubility is a function of the method used for detennining it. 
The electrophoresis results can not be compared directly to these obtained 
from the other experiments because of their qualitative character. But as 
mentioned earlier they provide evidence that the protein structure is not affected 
to a large extent at lower spray drying temperatures and therefore are in 
agreement with the low rate of LDH destruction and the complete solubility of 
the powders. The variation of the intensity reduction at lower and higher 
temperatures may also give infonnation on changes taking place during spray 
drying. This can be done by measuring the densitometric scans of the 
electrophoretic patterns and identifying the individual bands for specific proteins 
of interest. For instance, agarose electrophoresis could give valuable quantitative 
information about the immunoglobulins since they appear as a distinct fraction on 
the gel. Immunoelectrophoresis can also be used to give infonnation about 
immunoglobulins. 
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7 APPENDICES 
7.1 Heat and mass balances of the spray-dryer 
7.1.1 Geometric characteristics of the spray-dryer 
The experiments were carried out in a co-current open-cycle spray dryer (fig. 
7.1.1). 
G., T", Hat> Yt • 
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Figure 7.1.1. Spray dryer used in the experiments. 
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Figure 7.1.2. Geometric characteristics of the spray dryer 
Calculation o/volume 
V= Vch + Vcy + Vp 
where 
v = volume of spray dryer 
V cb = volume of chamber 
Vcy = volume of cyclone 
V p = volume of piping 
V cb = volume of cylinder + volume of cone 
= 1trh + 1/31trh => 
V m. - 1,Jf9Sm1 
Vcy = volume of cylinder + volume of cone 
VCy = 0,053 m1 
V =1trl => p 
Vp=Q,Q94ml 
Calculation o/sur/ace area 
S = SCh + Scy + Sp 
where 
S = surface area of spray dryer 
Scb = surface area of chamber 
Scy = surface area of cyclone 
Sp = surface area of pipe 
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Soh = surface area of cylinder + surface area of cone 
= 7tI~ + 2mh + m(h2 + ifs => 
Soh = 8,741 m2 
Soy = surface area of cylinder + surface area of cone => 
Soy = 0,877 m1 
Sp = 21td => 
Sp = 0,942 ml. 
7.1.2 Residence time calculation 
The residence time was calculated for the following conditions: 
Tal = 170·C, T", = 70·C, To = 0·; TS1::: 25,5 0c.) Tu, ::; '1-0·C. 
F = 4.81/hr 
where F = feed rate 
M70,c = 10,03 % 
where M 70·C = moisture in dried product 
TS=9.2% 
where TS = total solids content in blood plasma 
Td = 2S.5'C, Tw = 18.S·C 
where Td = dry-bulb temperature 
Tw = wet-bulb temperature 
Pw= 1 g/ml 
where Pw = density of water 
Thus: 
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F = 4.8 kg feedlhr 
Ms = 0.4416 kg dry solidslhr 
WS1 = 9.87 kg moist./kg dry solids 
WS2 = 0,112 kg moist./kg dry solids 
and for Td = 25.5"C and Tw = 18.5"C from the pshychromenic chart for the 
air-water system Y1 = 0.0104 kg moist./kg dry air (Koumoutsos, 1982). 
Moisture balance 
From equation 2.2.3: 
G.(Y2 - 0.0104) = 4.3091 kg/hr 
Heat balance 
Cd = 1.021 kJ/kgK, CW1.V = 1.925 kJ/kgK (170"C) 
Co2 = 1.009 kJ/kgK, Cwz.v = 1.883 kJ/kgK (70"C) 
A. = 2501.6 kJ/kg (To = O"C) (Koumoutsos,1982). 
From equation 2.2.8: 
Ho! - 202.99 kJlkg dry air and 
Ho2 = (70.63 +2633.41Y2) kJ/kg dry air 
Cos = 1.6736 kJ/kgK and CW.1 = 4.184 kJ/kgK (Masters, 1979) 
From equation 2.2.7: 
HSl = 1095.73 kJIkf,! dry solids and 
HS2 - 149 96 kJlkg dry solids 
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(7.1.1) 
(7.1.2) 
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Prom equation 2.2.5 
132.36G, + 417.65 = 2633.41G.Y2 + QL (7.1.3) 
Calculation of Q. 
It was supposed that the chamber, cyclone and connecting piping were vertical 
cylinders in a fluid and that heat was transferred to air by free convection. 
Chamber 
It was supposed that the surface temperature of the chamber cylinder was Tch 
= (Tal + Ta2)/2 = (170 + 70)/2 = 120'C = 248'F. 
The arithmetic mean temperature of the chamber surface temperature and the 
surrounding air temperature (T. = 25.5'C) was Tml = (Tch + T.)/2 = (120 + 25.5)/2 
= n.75'C = 162.95'P. 
Por Tml = 162.95'C the physical properties of the air were: Pr = o.n, k = 
0.0167 Btu/hrft'P, g~P2/I.I? = 1.187x106 1fFfe. 
where 
p = density 
J3 = thermal coefficient of volume expansion 
k = thermal conductivity 
g = acceleration due to gravity 
Il = viscosity 
Pr = Prandtl number 
Lch = 2.41 m = 7.907 ft (height of chamber cylinder). 
Thus: 
GrL = p2g~(Tch - T.)L3/1l2 = 9.98xlO10 
where GrL = Grashof number 
The product GrLPr = 7.19x101O lies in the turbulent region (fig. 7.1.3) and 
therefore the 
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Figure 7.1.3. Corrrelation of data for free-convection heat transfer from vertical 
plates and cylinders. 
Nusselt number was calculated from the equation: 
NUL = O.0210(GrLPr)2iS = 462.19 
However hc,ch = NuLkiLch and so the heat-transfer coefficient is: 
hc,ch = 5,54 W/rrrK. 
It was supposed that the heat-transfer coefficient of the cone was the same as 
that of the cylinder. 
Cyclone 
It was supposed that the surface temperature of the cyclone cylinder was Toy = 
70'C = 15S'F. 
The arithmetic mean temperature was Tml = 47.75'C = 117.95'. For this 
temperature the physical properties of the air were: Pr = 0.72, k = 0.0158 
Btu/hrftF, g~p2/J.l.2 = 1.597x106 I/'Ffe. 
Lcy = 0.51 m = 1.673 ft (height of cyclone cylinder). 
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The above procedure, as used for the chamber, was repeated and the product 
obtained was: 
GrLPr = 4.31x108 (transition region) 
NUL = 0.555(GrLPr)l!4 = 79.97 and thus 
The same assumption as for the chamber cone was held for the cyclone cone. 
Connectjn& pipin& 
It was supposed that the surface temperature of the piping was the same as the 
cyclone's temperature, Tp =70·C. So the physical properties of the air were the 
same. 
Lp = 3m = 9.843 ft. 
The product obtained was: 
GrLPr = 8.78xl0Io (turbulent region) 
NUL = 0.021O(GrLPr)21s = 500.85 and thus 
hc.p = 4.57 Wfm2K (Kreith, 1973). 
From equation 2.2.6 
Qr.,ch = 4576,18 W 
Qr.,cy - 167.42 W 
Qr.,p = hc,pSp(Tp - Td) '9 
QL,p~ 191,51 W 
Therefore Q. = Qr.,ch + Qr.,cy + Qr.,p => 
Q.=4935,17W orQ.= 17773.4kJ/hr, 
From equation 7,1.3 
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132,36G. = 2633.41G.Y2 + 17355.15 (7.14) 
From 7.1.1 and 7.1.4 
G. = 273.4L/kglhr or G: = 273.44 m11h!. 
From equation 2,2.9 't = ')}1,6 s. 
--------------------- -
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8 NOMENCLATURE 
Symbol Meaning Units 
A Arrhenius constant S·l 
A Surface area m2 
C Specific heat capacity kJ/kgK 
D Decimal reduction time s 
Ea Activation energy kJ/mole 
F Feed rate It/hr 
g Acceralation due to gravity m/s2 
G. Dry air flowrate m'/hr 
.W Free energy of activation kJ/mol 
H Enthalpy kJ/kg 
AH Enthalpy of activation kJ/k~ 
h Heat transfer coefficient W/mK 
h Planck's constant Is 
Kb Boltzman's constant IlK 
~ Equilibrium constant S·l Rate constant 
k Thermal conductivity Btu!hrft'F 
L Length m 
m Reduction exponent 
M, Dry solids flow rate kg/hr 
N Enzyme activity U/L 
Ot. Heat loss from the dryer W 
R Gas constant I/moleK 
~S Entropy of activation kJ/molK 
S Surface area m2 
T Temperature 'C, 'F, K 
t Time s 
W Moisture content on dry basis kslkg 
V Volume m 
z z value 'C y AbsolLl-te humIdity K~lk~ 
Greek 
~ Thermal coefficient of volume l/'F 
expansion 
"-
Latent heat of vaporization , kJ/kg 
"- Wavelength nm 
1.1. Viscosity lb/fts 
p Density kg/m' 
t Residence time s 
Subscripts 
1 
2 
a 
ch 
cy 
d 
DS 
I 
P 
s 
W 
W 
V 
Entrance to dryer 
Exit from dryer 
Air 
Chamber 
Cyclone 
Dry-bulb 
Dry solids 
Liquid 
Pipe 
Solids 
Water 
Wet-bulb 
Vapour 
Dimensionless groups 
Pr Prandtl number 
Grashof number 
Nusselt number 
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